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This study constituted an examination of both nucleate boiling 
and maximum heat flux characteristics of liquid nitrogen boiling from 
characterized surfaces. Several textures of gold plated copper sur-
faces were studied in addition to silver and silver oxide surfaces. 
Data were taken over a wide range of reduced pressures. All surfaces 
. 
were examined using a Scanning Electron Microscope (SEM). 
Data and micrograph comparison revealed that both surface chem-
istry and surface roughness affect the nucleate boiling characteristics 
of liquid nitrogen. These effects are separated from each other show-
ing that nucleate boiling is a function of both surface chemistry and 
topography. Surface roughness was found to have a significant effect 
on the maximum heat flux with rougher surfaces yielding higher heat 
flux values. The temperature difference at burnout was found to be a 
function of both surface chemistry and roughness. 
Some existing correlations for both nucleate boiling and maxi-
mum heat fluxes were examined and shown to inadequately predict the 
data, primarily because of inability to account for surface roughness 
and/or surface-fluid interaction as affected by surface chemistry. A 
maximum temperature difference correlation tested predicted burnout 
temperature differences well. 
The necessity to age a surface in the fluid to be boiled was 
found not to be a result of adsorbed gases, but probably a result of 
impurities acquired on the surface that must be removed. Attempts to 
observe hysteresis were unsuccessful. Hysteresis was found not to be 
a function of adsorbed inert gases. 
iii 
Data indicated that one mechanism of heat transfer by nucleate 
boiling will not suffice for all pressures. An existing nucleate 
boiling correlation was modified to allow for a mechanism change and 
predicted the data better than other correlations tested. 
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Nukiyama (59) pioneered the study of two phase heat transfer 
from a heated surface to a liquid phase in 1934 when he qualitatively 
defined four distinct regions of the boiling heat transfer curve. 
The regions, illustrated in Figure 1, are defined as follows: (1) 
convective region, (2) nucleate boiling region, (3) unstable film 
boiling region, and (4) stable film boiling regions. Figure 1 depicts 
the heat flux as a function of the temperature difference between the 
heated surface and the adjacent fluid. 
The curve can be examined further by considering what happens 
when a fluid at its saturation temperature lies adjacent to a surface 
that is being heated to a temperature greater than the fluid satura-
tion temperature. As the heated surface temperature rises, heat is 
transferred to the fluid. The heated fluid ir·:tiates convective fluid 
motion which removes the heat to the liquid surface where evaporation 
occurs. This region of the curve is called the convective region. At 
some point the surface temperature becomes great enough to cause the 
formation and subsequent departure of a bubble of vapor at a surface 
anomali. These surface anomalies are called nucleation sites. The 
incipience of the first bubble marks the entry into the nucleate boil-
ing region of the curve. 
Further increase in surface temperature is followed by a multi-
tude of more nucleation sites being activated. Consequently, the rate 
of heat transfer increases rapidly. As the boiling becomes more vigor-
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the bubbles coalesce, liqui~ can no longer reach the surface, and the 
surface becomes covered with vapor. This point is denoted on Figure 
1 as point A, the burnout point. The heat flux at point A is called 
the maximum heat flux. The resulting vapor blanket causes an increased 
resistance to heat transfer; the temperature of the heat transfer ele-
ment increases; and the rate of heat transferred away from the surface 
decreases as the film of vapor stabilizes. This region is called the 
unstable film boiling region. 
At point B the film stabilizes, although the adjacent liquid is 
vigorously agitated. From this point on the heat is transferred in 
the film boiling region of the curve by radiation and vapor convection 
through the stable film to the liquid phase. Increases in surface 
temperature merely increase the rate of heat transfer. 
The nucleate boiling region of heat transfer is of particular 
interest in some design problems. High rates of heat transfer can be 
obtained at low surface temperatures without the possible harmful ef-
fects of the high surface temperature required in film boiling. Nu-
cleate boiling is widely used in reactor cooling, refrigeration, and 
cryogenic equipment. 
Attempts to predict the location of the nucleate boiling curve 
and the point of maximum heat flux have been largely unsuccessful be-
cause of the inability to understand and include effects of surface 
conditions and surface geometry in the correlations. It is the pur-
pose of this study to examine both nucleate boiling and maximum heat 
flux characteristics of liquid nitrogen boiling from various surface 
materials and textures to gain more insight into the effect the sur-
face has on nucleate boiling. 
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II. LITERATURE REVIEW 
Boiling heat transfer has been studied utilizing many techniques. 
These studies have indicated that several variables are important in 
nucleate boiling. It would be virtually impossible to effectively 
cover all the aspects of boiling that have been studied in this re-
view. Therefore, the literature review that follows will concentrate 
on the effects of surface conditions on boiling as reported to date.· 
A brief discussion of some proposed boiling mechanisms, and a pre-
sentation of some existing correlations for prediction of both the 
nucleate boiling curve and the maximum heat flux are included. 
A. GENERAL NUCLEATE BOILING HEAT TRANSFER 
Corty and Foust (16) experimentally determined that the position 
and slope of the boiling curve varies with surface roughness utilizing 
data obtained from a flat plate heater in ether, n-pentane, and freon 
• 
113. They found that the temperature difference, 6T, (surface temper-
ature minus pool temperature) decreases with roughness at a given heat 
flux, but the 6T before nucleation begins is increased with roughness. 
Their flat plate boiling also indicated that the past history of the 
surface affected its nucleate boiling characteristics. They explained 
the effect of past history with a vapor entrapment model, postulating 
that surface pits and scratches constituted active sites which were 
capable of entrapping vapor as the bubbles left the surface. 
Clark, Strenge, and Westwater (10) used high speed photography 
and confirmed that pits and scratches were in fact nucleation sites. 
Their work was done with ether and n-pentane boiled from single and 
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polycrystaline zinc and aluminum alloy. They determined that pits 
with diameters between 0.0003 inches and 0.003 inches were the most 
active sites. It was also noticed that other defects such as a plas-
tic metal interface and a piece of foreign material also acted as 
nucleation sites. Crystal grain boundaries were found not to act as 
nucleation sites. For the zinc single crystal it was observed that 
boiling was not affected by planes of high atomic density. 
Kurihari and Meyers (41) confirmed the work of Carty and Foust 
using water, acetone, n-hexane, carbon disulfide, and carbon tetra-
chloride. They found that aging the surface in the liquid to be 
boiled produced reproducible results. The aging phenomena was ex-
plained by postulating that aging allowed excess inert gas entrapped 
on the surface to diffuse into the liquid leaving a reproducible 
surface. 
Banko££ (2,3) examined the data of other investigators for fif-
teen organic liquids and water and discussed the effect of surface 
geometry and liquid-solid contact angle on the ability of a cavity 
to become an active site. He also presented an approximate theory 
for predicting the degree of superheat required to initiate bubble 
formation from an active site. 
Denny (20) conducted a study of well defined artificial pits 
of various geometries using carbon tetrachloride. He found that the 
most active nucleation sites were steep walled cavities with depth 
to diameter ratios greater than one. Denny also found that fouling 
of the surface which affected the internal dimensions, the surface 
chemistry and/or the local surface roughness of the site was an im-
portant variable. 
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Griffith and Wallis (31) studied single cavities using water boil-
ing from clean and paraffin coated stainless steel. They determined 
that cavity geometry is important in two ways: the mouth diameter 
determines the superheat required to initiate boiling; and the cavity 
shape determines the stability of the site after boiling is initiated. 
They also found that the contact angle between the bubble and the 
heat transfer element is important in bubble nucleation because it 
affects cavity stability. 
Gaertner and Westwater (27), using nickel salt deposition, counted 
active bubble producing sites. They found active site concentrations 
as high as 1130 sites per square inch well below the point of maximum 
heat flux, where the maximum site concentrations occur. It was also 
observed that the heat flux was proportional to the number of active 
sites to the one half power, apparently disproving previous postula-
tions (33,52) that the heat flux was directly proportional to the 
number of active sites. 
Gaertner (25) statistically examined the data of Gaertner and 
Westwater and noted that active site population density fit the Poisson 
distribution. This determination consequently disproved a previous 
patch-wise boiling theory (16), which held that bubbles are formed on 
small patches of the surface. 
Bonilla, Grady, and Avery (7) noted increased heat transfer rates 
in the nucleate boiling region by machining sharp, parallel scratches 
on the heat transfer surface. 
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Nickelson and Preckshot (58) boiled pure carbon tetrachloride 
from silver, copper, and gold wires. They found that the boiling 
curve for the silver and copper wires changed with time and attributed 
this phenomena to tarnishing of the metals. There was no change with 
time for gold. No hysteresis losses were observed in the~ study. 
Consequently, all hysteresis losses observed by previous investiga-
tors were attributed to impure fluids. 
MOntgomery (55) studied nucleate boiling with n-pentane, n-heptane, 
and a seven carbon hydrocarbon mixture from gold plated copper cylin-
ders. He observed that hysteresis effects were present, but could 
be reduced with aging of'the surface in the liquid to be boiled. 
MOntgomery questioned whether this aging was necessary as a direct 
consequence of gas adsorption as hypothesized by Kurihari and Meyers (41). 
Marto, Moulson, and Maynard (51) examined copper surfaces that 
were mirror finished, mirror finished with a grea~e coat, roughened~ 
roughened with a Teflon coat, and mirror finished with artificial 
cavities. The boiling fluid was liquid nitrogen. A nickel surface 
was made with identical techniques used to make the copper mirror fin-
ish. It was found that roughness, material, and cavities all affect 
nucleate boiling heat transfer. Their techniques provided for no de-
tailed surface examination. Hence they acknowledge that the identi-
cally prepared copper and nickel surfaces may have been microscopic-
ally different. The Teflon coating altered the curve little. These 
results, contrary to those of Young and Hummel (75,76), were explained 
with the hypothesis that since the surface tension of liquid nitrogen 
is less than the surface free energy of Teflon, the liquid nitrogen 
wets the Teflon. Consequently, no poorly wetted spots occurred as 
noted by Young and Hummel. 
Young and Hummel (75,76) observed increased heat transfer rates 
in the nucleate boiling region by placing Teflon spots on a metal 
strip heater used for boiling water. Similar heating strips were 
prepared with sandpaper and it was noted that the Teflon coated sur-
face burned out at heat fluxes 14 to 22% lower than the sandpapered 
surface. They attributed these effects to the poor wetting property 
of water on Teflon. It was also observed that both the maximum heat 
flux and the critical temperature differences were functions of sur-
face characteristics. Young and Hummel deduced that the maximum nuc-
leate boiling heat flux was primarily determined by hydrodynamic ef-
fects, but felt that surface wettability and geometric parameters 
were required for general correlation of the maximum heat flux. 
Berenson (4) studied n-pentane boiling as a function of surface 
roughness, material, and cleanliness. It was concluded that the max-
imum heat flux was not a function of surface conditions, while nuc-
leate boiling was. 
In contrast to Berenson's work, Gambill(28) found that the na-
ture of the heat exchange surface could alter the maximum heat flux 
for water, as did Costello and Frea (17). 
Lyon (47) investigated the boiling of liquid nitrogen from cyl-
inders and found that the maximum heat flux is very sensitive to the 
chemical nature of the heat transfer surface, but relatively insen-
sitive to the surface microroughness. Lyon also observed hysteresis 
losses for both gold and copper heat transfer surfaces. 
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Kosky (38) boiled nitrogen, oxygen, argon, methane, and carbon 
tetrachloride from a platinum surface over a large pressure range. 
He concluded that the maximum nucleate boiling heat flux was a func-
tion of surface chemistry. His data, also, indicated that exposure 
of the heat transfer element to other test fluids such as the fluids 
mentioned above or laboratory atmosphere affects the critical heat 
flux, as did Porchey, Park, and Montgomery (65). 
Cobb (11,13) in his investigation of nitrogen and argon's boil-
ing behavior from gold plated copper; chrome, and Teflon coated cyl-
inders concluded that surface chemistry, surface microroughness, or 
both these factors have a profound effect on the maximum nucleate 
boiling heat flux of these liquids. Cobb found, also, that a Teflon 
treated surface yielded significantly higher 6T values than similar 
bare metal heaters. 
Cummings and Smith (18) concluded that the critical heat flux 
of liquid helium was not dependent on surface finish for horizontal 
copper surfaces; however, their data indicate that the critical heat. 
fl\lx was dependent on surface coatings and the properties of the heat 
transfer element at points well below the surface. 
Pitts and Leppert (64) in their study of the critical heat flux 
from wires submerged in water and mixtures of water and methylethyl-
-ketone concluded that the maximum heat flux varied only slightly for 
wires of differing materials. 
Bernath (5) reached the conclusion that the microroughness of 
the heating element surface does not affect the maximum heat flux by 
evaluating a large amount of assembled data. 
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Park (60,61,62) found that the ma:dmum .heat flux for liquid nitro-
gen boiled from gold plated copper cylinders was a function of both 
surface conditions and geometry. 
Johler (35) found from his data for liquid nitrogen, argon, and 
carbon monoxide, that the maximum heat flux and the slope and shape 
of the boiling curve were functions of the boiling surface for gold 
plated copper cylinders. 
B. NUCLEATE BOILING MECHANISMS 
One of the great difficulties that exist when attempting to cor-
relate or relate boiling phenomena is the fact that little is under-
stood about the correct mechanism or mechanisms for nucleate boiling 
from boiling incipience through the maximum heat flux. Below are 
listed and discussed some of the commonly proposed mechanisms upon 
which several attempts at correlations are based. 
Mechanism 1, Microconvection in the Sublayer, was the most widely 
accepted mechanism by early workers (33,52), and is still accepted by 
some (68,69). The basis of this mechanism is the postulation that 
the high heat transfer rates obtained in nucleate boiling are a re-
sult of large convective velocities in a thin superheated layer of 
liquid next to the heating surface. Turbulence transfers heat away 
from the surface. The cause of the convective velocities is the re-
peated growth and collapse of the bubbles. Foster and Grief (23) 
pointed out that this mechanism requires a very strong dependence of 
the heat flux on~T, a dependence that is not experimentally verified. 
Mechanism 2, Latent Heat Transport, hypothesizes that as the bub-
ble grows, it absorbs its latent heat of vaporization and subsequently 
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returns it to the bulk liquid on collapse. This mechanism has been 
shown to be able to account for only a small percentage of the total 
heat transfer (23,26). 
Mechanism 3, Vapor-liguid Exchange Action, is based upon the con-
tention that the bubble forces superheated liquid away from the sur-
face as it grows and, as it detaches, cool liquid rushes in to fill 
the void left by the bubble. This mechanism was proposed by Forster 
and Grief (23). 
Mechanism 4, ~qss Transfer Through the Bubble, is based upon the 
hypothesis that as the bubble grows, the interior of the bubble is 
exposed to a microlayer of liquid which wets the surface. The liquid 
layer evaporates into the bubble from the side next to the surface 
and condenses on the bulk fluid ·side of the bubble. Here, naturally, 
it gives up its latent heat of vaporization. 
Moore and Mesler (56) examined nucleate boiling in an excellent 
study whereby a specially designed thermocouple was made a part of 
the heating surface. This design allowed previously unmeasured sur-
face temperature fluctuations to be examined. They found that the 
surface temperature drops 20 to 30°F in about 2 milliseconds during 
nucleate boiling. Mechanisms 1 and 3 cannot account for this surface 
temperature drop. 
Rogers and Mesler (66) furthered the work of Moore and Mesler 
with a photographic study and found that the cooling of the surface 
occurred during bubble growth and recovered during departure. This 
evidence is contrary to Mechanism 3, but further verifies Mechanism 4. 
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Banko££ (1) showed that simultaneous evaporation and condensa-
tion could account for the high heat transfer rates obtained in sub-
cooled boiling as well as saturated boiling. This fact gives further 
credibility to Mechanism 4, as do the findings of Cooper and Lloyd (15), 
Cooper (14), and Jawurek (34), who have all verified the existence of 
a microlayer during nucleate boiling. 
Gaertner (25) has pointed out that there are three and possibly 
four distinct regions in nucleate boiling. His work was a photographic 
study in which he characterized the four regions (discrete bubble re-
gion, first transition region, vapor mushroom region and second tran-
sition region) according to the mode of vapor formation. He postulates 
that it is probable that no single mechanism will fully explain the 
phenomena of nucleate boiling over· the entire nucleate region. Addi-
tional credibility is given to this hypotheses by the photographic 
study of Kirby and Westwater (37). 
C. NUCLEATE BOILING CORRELATIONS 
As a result of the lack of understanding of the nucleate boiling 
mechanism and the surface and geometric effects on nucleate boiling, 
reliable generalized correlations have not yet been found. Summaries 
of existing correlations are in the literature (39,21), but the analy-
sis of the ability of given correlations to fit data are conflicting. 
Some of the existing, commonly used correlations follow. 
McNelly (53) derived the following equation, equation 1, to fit 
experimental data for the boiling of a variety of fourteen fluids, in-
cluding organics, water, and two cryogens. It can be seen that the 
viscosity and the characteristic dimension term can be cancelled. 
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hD = 0.225 
k 
[ ~ 0.31 [ . J 0.33 P D Pl-Pv 
c:J Pv 
~ ] 0.69 L~ (1). 
Where: h = heat transfer coefficient 
D = characteristic dimension of heating surface 
k = liquid thermal conductivity 
Q = heat transfer rate 
A = heating surface area 
L= latent heat of vaporization 
1-L = liquid phase viscosity 
p == ambient pressure over boiling 
CJ = surface tension 
p = liquid phase density 1 
Pv = vapor phase density 
Cp = liquid phase specific heat. 
fluid 
Levy (43) proposed equation 2 and predicted that it would corre-
late all fluids independent of pressure. 
[6~3 
Where: T5 = saturation temperature 
BL = empirical function of vapor density and latent heat 
~T = temperature difference between the heating surface 
and the liquid pool. 
Equations 3 and 4 were derived by Borishansky and Kosyrev (63) 
using the theory of thermodynamic similitude. 
For Pr ~ 0.2 
(2) 
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Where: Csgf = a function of surface and geometry 
Tr = reduced temperature, T/Tc· 
D. MAXIMUM HEAT FLUX CORREJ...i, dONS 
To date no general correlation for prediction of the maximum 
15 
(7) 
nucleate boiling heat flux has been found; however, there are several 
correlating equations in the literature which fit a part of the. avail"-
able data. Some of these correlations will be discussed below. 
Rohsenow and Griffith (69) postulated that entrance.into the 
film boiling region occurs when the number of bubbles on the surface 
reach a density great enough so that the bubbles touch. Using this 
physical model as a basis, the authors concluded that the critical 





= 143 P~P, 
equation 8. 
(8) 
By use of dimensional analysis and considering the burnout point 
to be determined by hydrodynamic instabilities, Kutateladze (42) de-
veloped the maximum heat flux correlation shown below. 
(~A~max = 0.16 [a g &c [ P~~] ] 114 (9) 
Zuber (77) applied the theory for limiting stability of. two phase 
flow to the solution of the maximum heat flux phenomena and developed 
equation 10. 
(Q/A)max .,. 3t [ 24 a g gc 
P,L 




Lienhard and coworkers (44,45) applied the theory of corresponding 
states to equation 10. Equation 11 is their result. 
(Q/A)max 
374 = f (Pr, geometry) (11) !trs p F[ 8M Pc] c H 3R Tc 
Where: P • the Parachor. 
Cichelli and Bonilla (9) empirically correlated their data on 
organics with equation 12. 
(12) 
Where: a: = 1 for clean surfaces 
a:= 1.15 for dirty surfaces. 
Cobb and Park (11,12,13) derived an equation for correlating the 
maximum heat flux of fluids which follow the law of corresponding 
states to a high degree of accuracy. Their suggested equation is 
equation 13. 
(Q/A)max = 15.20- 68.95 Tr + 105.64 ~ - 51.66 ~ (13) 
(Q/A)max Pr"=0.1 
Although not specifically concerned with maximum heat flux pre-
diction, Park (60) extended the work of Frederking (24) and developed 
equation 14. This equation successfully normalizes the surface tem-
perature at the maximum heat flux based upon one temperature differ-
ence at the maximum heat flux for a given surface and fluid which 
follows the law of corresponding states. 
~Tbo • 2.3(1-Tr)0.64 
~Tbo-Pr=O.l 
(14) 
Where subscript bo = conditions at maximum heat flux (burnout point). 
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III. EXPERIMENTAL EQUIPMENT 
The experimental equipment used in this investigation can conveni-
ently be categorized into five areas. They are, in order of discussion: 
A. pressure and condensing system, B. electrical system, C. tempera-
ture measuring system, D. flat plate heating device, and E. heat trans-
fer surface elements. 
A. PRESSURE AND CONDENSING SYSTEM 
A schematic diagram of the pressure and condensing system is shown 
in Figure 2. The apparatus is essentially the same as that described 
by Sciance (71) and Cobb (11) with the addition of an external pressur-
ization system placed on the liquid nitrogen supply Dewars. 
The autoclave held the heating element, the liquid pool, and the 
internal condensing coil. This one-gallon vessel, manufactured by 
Autoclave Engineers, Inc., was twelve inches deep by five inches in 
diameter. The rear sight glass was replaced with a blank stainless 
steel plug, leaving one sight glass in the front of the autoclave. 
The cover, with incoming leads attached, was stationary while the 
autoclave body could be raised or lowered pneumatically. 
The ambient pressure and the bath saturation temperature were 
controlled manually by the amount of vapor condensed internally on 
the cooling coil. The condenser and bath were supplied with liquid 
nitrogen from two Linde LS-156 Dewars at variable pressures. The 
Dewar pressure release valves were set at 235 pounds per square inch; 
and the external pressurizing system was used to insure that a minimum 
















with a 16 inches in diameter dial was used to measure the pressure. 
This gauge was graduated from 0 to 1000 pounds per square inch with 
an accuracy of± 1 pound per square inch. A Black, Sivalls, and 
Bryson rupture disk rated at 960 pounds per square inch at 720F pro-
tected the system from a sudden rise in pressure. The connections 
in Figure 2, except for the external pressurization system, were 
316 stainless steel; the tubing was 0.25 inches outside diameter 
with 0.065 inches wall thickness; and the valves were Whitey No. 1 
Series valves (number IRS4-316). The connections used for the ex-
ternal pressurization system were 0.375 inches in diameter 304 stain-
less steel thin wall tubing. All connections were joined with Swage-
lok fittings. The external pressurizing gas was a regulated supply 
of gaseous nitrogen. 
B. ELECTRICAL SYSTEM 
Direct current power was supplied with two Sorensen DC Power 
Sources, Model DCR 60-40A~ connected in series. The combined voltage 
range was 0-120 volts with a current range of 0-40 amperes. 
A Digitec voltmeter, Model 201, multiple range (0.0 to 100.0 
volts) was used to measure the voltage drop across the heating de-
vice to ± 0.2 percent of full scale. Current input was measured to 
t0.25 percent of the full scale reading of a Weston Model 1 (Class 
50), 50 ampere meter in series with the heating device. The 0.00 
to 5.00 ampere scale was used in all boiling tests. 
C. TEMPERATURE MEASURING SYSTEM 
Thirteen copper-constantan thermocouples leading from the liquid 
pool and heating device were used. They were distributed as follows: 
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four were used to determine the side and end losses from the heating 
device; five were used to check the heating device thermal flux and 
radial temperature distribution; three were used to obtain the pool 
temperature; and one was used to obtain the surface temperature. 
Connections to external leads in the autoclave for all thermocouples 
except the surface thermocouple were made with sixteen point Amphenol 
connectors. The surface thermocouple was connected with a thermo-
couple plug manufactured by Marlin Manufacturing Corporation. All 
thermocouple tips were silver soldered copper-constantan wires (Leeds 
and Northrup-Type T-24 AWG-fiberglass coated). The five thermocouples 
in the Teflon sides and bottom of the heating device were firmly em-
placed in tight fitting holes. The holes were then filled with Gen• 
eral Electric Silicone Rubber (RTV-511). 
Copper and constantan wires of the type described above were led 
from the autoclave through a Conax MHM-062-Al6-T gland containing a 
Teflon seal to two more sixteen point Amphenol connectors. From these 
connectors, larger copper-constantan wires.(Leeds and Northrup-Type T-
20 AWG-fiberglass coated) led to a liquid nitrogen bath. Connections 
in the bath were made to the same type copper wires as those leading 
into the bath. These wires were led to one of two Leeds and Northrup 
rotary thermocouple switches. 
The outputs from the t~ermocouple switches were read with a Digi-
tec voltmeter, Model 541, single range (00.000 to 10.000 millivolts). 
The Digitec voltmeter accuracy is rated as± 0.1 percent of full scale. 
The surface temperature was monitered continuously with a Texas Instru-
ments Servo-riter II, single pen recorder. 
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D. FLAT PLATE HEATIOO DEVICE 
The heating device, Figure 3, was designed and constructed pri-
marily of copper and Teflon in order to accommodate a removeable flat 
plate heating surface with a minimum of heat losses •. 
The heater core, Figure 4, was a 2.0 inches in diameter rod 3.5 
inches in length made of Anaconda electrolytic tough pitch copper 110. 
Holes were drilled in the bottom to accommodate six 2.6875 inches in 
length by 0.5 inches in diameter Chromalox cartridge heating elements. 
Each element was rated at 120 watts; all elements were connected in 
parallel. Three thermocouples were longitudinally emplaced in. the 
core to measure thermal flux, while two thermocouples were emplaced 
radially from the top flux thermocouple to measure radial temperatures. 
All thermocouple leads were brought out and down machined grooves in 
the core side and then protruded through the bottom of the device, as 
did the cartridge element leads. 
In order to reduce and measure heat losses, .the core was placed 
inside a 4.5 inches in length by 4.0 inches in outside diameter cylin-
der as shown. The bottom space was then filled with General Electric 
thermal insulating RTV-511 Silicone Rubber. Thermocouples were placed 
in the bottom piece and cylinder walls as discussed earlier to measure 
the heat losses. 
A 0.375 inches thick Teflon plug with a 1.0 inch in diameter hole 
was machined to screw into the top of the cylinder and hold the inter-
changeable surface element firmly against the core. Metal to metal 
contact resistance was virtually eliminated by placing General Electric 



















Figure 3. Flat Plate Heating Device 
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Figure 4. Copper Heater Core 
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G-640 is a high thermal conductivity silicone compound designed for 
heat transfer applications. The cryogenic use of Insulgrease was 
examined by Thomas and Probert (73) with good ~esults. The spaces 
around the surface element and the slot through which the surface 
element thermocouple protruded were filled with General Electric 
RTV-511 compound. 
E. HEAT TRANSFER SURFACE ELEMENTS 
Eight heat transfer surface elements were employed in the inves-
tigation. Scanning Electron Microscope (SEM) pictures of all sur-
faces appear in Appendix D. Five surface elements were made of 1.5 
inches in diameter by 0.1562 inches thick Anaconda electrolytic tough 
pitch copper 110. A 24 AWG, Type T, thermocouple similar to those 
described earlier was passed into the center of each copper element 
through a 0.090 inches in diameter hole and silver soldered in place. 
After the surface treatment described below, all copper surface ele-
ments were commercially gold plated to insure chemical inertness. 
Three silver surface elements consisted of one 2.0 inches in 
diameter by 0.125 inches thick silver disk that was treated as de-
scribed below to obtain different surface chemistry and texture. The 
silver element was .examined with x-ray diffraction techniques and 
found to be polycrystaline in nature. Thermocouples were emplaced in 
a manner similar to the copper elements with the exception that liquid 
solder was used instead of high silver bearing solder. 
The electrical instruments used for electrolytic surface prepara-
tion were the same as were described in Section B. 
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The eight surface elements used are individually coded. Gold 
plated copper surfaces are coded beginning with G; silver surfaces 
are coded beginning with S. The letters and numbers following the 
code letters denote the type and order of preparation, respectively. 
All mechanical polishing was done with a metallurgical buffing wheel 
using the polishing material noted. 
1. Gold Plated Chemically Etched Copper (Code GCE) 
Surface GCE was prepared by wet surface finishing using 200 grit 
~ 1 Wetordry Tri-m-ite~' silicone carbide paper, manufactured by 3M 
Company. Chemical etching was then accomplished in a chromic acid 
solution described by Jummer (36) which consisted of the following 
materials in parts per weight: water (100), chromic acid (12.5), 
sodium dichromate (37.5), acetic acid (12.5) and sulfuric acid (10.0). 
The etching was conducted at 79°F in a stirred 500 ml. beaker for 37 
minutes. 
2. Gold Plated Mirror Finish Copper (Code GMP) 
Surface GMP was mechanically polished with wet sandpaper as de-
scribed above down to 400 grit. The surface was then polished with 
dry crocus cloth on the metallurgical buffing wheel. The final pol-
ishing was done with jeweler's rouge (ferric oxide) applied with a 
cotton polishing wheel. The surface had a mirror finish. 
3. Gold Plated Electrolytically Etched Copper (Code GEE) 
Surface GEE was electrolytically etched in the chromic acid solu-
tion with techniques described by Jacquet (32). Etching was performed 
in 750 ml. of 78°F solution at a cathode-anode distance of 3 inches for 
5 minutes. The solution was mechanically stirred and the cell current 
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maintained at 4 amperes. This current corresponded to a current den-
sity of 327 amperes per square foot. 
4. Gold Plated Electropolished Copper (Codes GEPl and GEP2) 
Surfaces GEPl and GEP2 were independently prepared in a similar 
manner. They were both polished for 15 minutes at a current of 8 
amperes in the chromic acid solution. The electrodes were placed in 
750 ml. of 73-74°F solution at a cathode-anode distance of 2.75 inches. 
Both solutions were mechanically stirred. The current densities for 
this work were 657 amperes per square foot. 
5. Electropolished Silver (Codes SEPA and SEPB) 
Surface SEPA was electropolished in 750 ml. of solution of the 
type used by Gilbertson and Fortner (30) and Setty (72) at 77°F. The 
aqueous solution consisted of 35.0 grams per liter silver cyanide, 
37.0 grams per liter potassium cyanide, and 38.0 grams per liter po-
tassium carbonate. Polishing was performed after surface preparation 
with 400 grit wet sandpaper as described above at 0.4 to 0.5 amperes 
for 7 minutes at a cathode-anode distance of 6 inches in a mechani-
cally stirred solution. The current density range was from 18 to 31 
amperes per square foot. Electrode polarity was reversed for 0.5 min-
utes after conclusion of the polishing to facilitate removal of the 
oxide layer that had formed on the silver anode during polishing. 
Surface SEPB was prepared from surface SOX by electropolishing 
using the same techniques as those used for surface SEPA. 
6. Electrolytically Oxidized Silver (Code SOX) 
Surface SOX was prepared by electrolytically oxidizing surface 
SEPA using a method described by Delahay et al. (19). The object 
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of the method was to oxidize the silver anode by applying an electrode 
potential through a known pH, non silver ion conducting solution. · A 
phase diagram for silver and its oxides is reported by Delahay .et al. 
with the electrode potential necessary to obtain various silver oxida-
tion states shown as a function of pH. A solution of about one normal 
sodium carbonate was used. The pH of this solution was 10.9 as meas-
ured with a Beckman Model 76 Expanded Scale pH Meter. Potential was 
maintained across electrodes (6 inches apart) at 0. 6-±:.· 005 volts for· 
7 hours. Preliminary experimental tests with this technique (verified 
by x-ray diffraction) justified its reliability in producing silver 
oxide, Ag20, film. 
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IV. EXPERIMENTAL PROCEDURE 
The experimental procedure developed for this examination con-
sisted essentially of two parts: surface examination and boiling 
heat transfer data acquisition. Table I lists the series and run 
numbers for the surfaces used. The surfaces from which boiling 
data were taken without prior aging and burnout are indicated with 
appropriate comment. The atmosphere under which the surface was 
maintained prior to boiling is also listed. 
All surfaces were examined with a Scanning Type Electron Micro-
scope (SEM), type JSM, manufactured by Japan Electronic Optics Labor-
atory Co. Ltd. 
in Appendix D. 
Reproductions of the resulting pictures are included 
Surface GEPl was examined before and after boiling 
tests to see if any visible (lO,OOOX magnification) surface change 
had occurred. No surface changes were observed; hence, the remaining 
surfaces were examined only prior to the boiling tests except for sur-
face GEP2. Data taken from surface GEP2 necessitated re-examination 
with the s~. 
The object of Series 1 through 4 (Runs 1-3~ was to acquire boil-
ing data on various gold plated copper surfaces, while Series 5 through 
7 (Runs 34-52) involved silver and silver oxide surfaces. Since sev-
eral investigators (16, 41, 60, 55) have reported variations in heat 
transfer coefficients for new heating elements, Series 2 through 7 
were each begun with about 30 minutes of aging by boiling liquid nit-
rogen from them. The preliminary run was concluded by allowing the 
surface to go through burnout. Data could then be taken. This 
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Table I 
Data Acquisition Description 
Adsorbed 
Series Runs Surface Atmosphere Comment 
1 1-7 GCE Air No Prior Burnout 
2 8-18 GMP Air 
3 19-26 GEE Air 
4 27-33 GEPl Air 
5 34-40 SEPA Nitrogen 
6' 41-46 sox Nitrogen 
7 47-52 SEPB Nitrogen 
8 53-60 GEP2 Air No Prior Burnout 
9 61-65 GEP2 Nitrogen Prior Burnout -
Run 60 
10 66-70 GEP2 Argon Prior Burnout -
Run 65 
11 71-72 GEP2 Nitrogen Prior Burnout -
Run 70 
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procedure was not followed for Series 1 (Runs 1-7) and Series 8 
through 11 (Runs 53-72). In these series of runs it was desired to 
examine the effects of adsorbed gases and aging on boiling character-
istics; prior aging would have negated these effects. 
The surfaces used for Series 1 through 4 and Series 8 were washed 
with commercial absolute U.S.P. grade alcohol and dried with Fisher 
certified A.C.S. grade acetone before the heating device was assembled, 
then exposed to air. All silver surfaces were similarly washed and 
dried after preparation, then maintained under nitrogen at atmospheric 
pressure to prevent oxidation by using r2R glove bags, Model x~l7-17. 
Surface GEP2 was kept in the sealed autoclave between series 8, 9, 10, 
and 11 at a pressure of 80 pounds per square inch under the atmospheres 
shown in Table 1. 
Attempts were made in each series to obtain data from reduced 
pressures of 0.1 to pressures as near the critical pressure as auto-
clave leakage would allow. Runs up to a reduced pressure of 0.9 were 
obtained. 
The procedure for obtaining boiling heat transfer data was as 
follows. With the assembled heating device and surface element in-
side the sealed autoclave, cool-down was begun by passing liquid 
nitrogen through the cooling coil and venting the vapor to the atmos-
phere (see figure 2). While liquid nitrogen was being fed to the cool-
ing coil from one LS-156 Dewar, the fill line from the other Dewar was 
opened to the autoclave. The autoclave was thus cooled and filled. 
When the liquid level in the autoclave reached about seven inches, the 
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fill line was closed; and the desired pressure was manually obtained 
and controlled. Preliminary aging and burnout were then performed 
for Series 2 through 7 as explained above by applying electrical power 
to the heating device. The heating device was then allowed to reach 
the pool temperature. Power was once again applied. When thermal 
steady state was obtained, the voltage, amperage, and thermocouple 
millivoltages were recorded for the first nucleate boiling poin.t. 
The voltage was then increased, and the next point was obtained. 
This procedure was repeated until the surface element reached burnout. 
The burnout point was characterized by a rapid rise in surface·temper-
ature as pointed out by several investigators (12~ 60, 61). Continual 
monitoring of the surface thermocouple with the Texas Instruments re-
corder insured rapid, decisive determination of the burnout point. 
Voltage and amperage of the burnout point were recorded. The surface 
temperature was obtained by extrapolation of plots of heat flux as a 
function of surface temperature. Burnout signaled the completion of 
a run. At this point the power was turned off, the pressure adjusted 
to the next desired value, and a new curve defined with a new set of 
readings. 
During each series of runs, at least two curves were defined at 
the same reduced pressure, one at the beginning of the series and 
the other near the end. The check runs were made to insure that the 
data were reproducible. The hysteresis observed by several authors 
(16, 41, 55) was avoided for the first 10 series by always increasing. 
the power. Hysteresis was specifically examined in Series 11 by first 
progressing up the boiling curve with increasing power, then decreasing 
power, then increasing power again until burnout was reached. 
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V. RESULTS AND DISCUSSION 
The object of this study was to examine both nucleate boiling 
and maximum heat flux characteristics of liquid nitrogen boiling from 
characterized surfaces. The most commonly used means of describing 
surfaces used in.boiling heat transfer studies is a root mean square 
description of the surface profile. This method can only give an 
approximation of gross surface detail and is considered to be unsatis-
factory by the author and others (4, 74). The method used in this 
study to examine the surfaces from which boiling was conducted allowed 
permanent records in the form of surface micrographs to be obtained. 
Reproductions of the micrographs are contained in Appendix D. The sur-
face areas and heat fluxes reported in this investigation are based 
upon apparent areas, areas found assuming perfectly smooth, two dimen-
sional surfaces. The amount of surface irregularity that appears for 
each surface is different and can be observed in the micrographs. 
Further comment concerning the error introduced by this fact is in-
cluded in Appendix B. 
The results and discussions will be focused on the knowledge 
gained from examination of the surface micrographs. Included in the 
discussions will be the nucleate boiling results; and comparisons of 
the experimental results with nucleate boiling, maximum heat flux, 
and critical temperature difference correlations. A limited amount 
of hysteresis observations will also be discussed. 
A. SURFACE DESCRIPTIONS 
Scanning electron micrographs of all surfaces were examined. The 
surfaces differed in topography and the types of surface irregularity 
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encountered. A brief description of each surface follows. Numerical 
surface descriptions were calculated from measurements taken from a 
known surface area on the micrographs. 
Surface GCE consisted of densely located ridges and valleys of 
0.0005 inches to 0.001 inches across. The density of these irregular-
ities was about 160,000 ridges per square inch. Scattered holes in 
the ran~e of 0.000025 inches in diameter and below were also found. A 
closer examination of the surface also revealed that the plated gold 
film had numerous cracks and fissures, some of which penetrated to the 
base metal. The effects of these fissures can not be differentiated 
from those caused by the other surface imperfections. 
Surface GMP was polished to a smooth, mirror finish. However, 
the texture of this surf;<ce was quite pitted as shown at high magnifi-
cation and gave the appearance of the presence of an oxide. The charged 
particles (bright in contrast) are characteristic of a non-conducting 
species. The indication that an oxide might be present prompted a re-
examination of the surface using an Ortec non-dispersive x-ray spec-
trometer in conjunction with the SEM. The presence of iron was found, 
indicating that traces of the jeweler's rouge (ferric oxide) used in 
the surface preparation were still present. Further examination of 
the micrographs disclosed that pits and raised irregularities with 
sizes of about 0.00005 inches to 0.0001 inches in depth and diameter 
respectively dominated the surface. The density of these anomalies 
was about 30,000,000 pits per square inch. 
The irregular nature of surface GEE was quite pronounced. Parts. 
of the surface were smooth while other parts had a grainy texture, 
giving the appearance of a salt deposition impurity. A boundary of 
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these two textures is shown in the micrographs. After the boiling 
tests were completed, this surface was examined to determine if im-
purities did exist in the form of salts. Wet qualitative tests in-
dicated the presence of an inorganic cyanide, probably left on the 
surface as a result of inadequate washing after plating. This find-
ing indicates that the data taken from surface GEE may be in error 
by virtue of the fact that some of the deposited salts may have. 
broken from the surface during boiling. Examination with the non-
dispersive x-ray unit disclosed the presence of silicon. This is 
the probable result of the Cabosil in the silicone grease used· to 
seal the surface on the heating device. The pits on the grainy por-
tion of the surface are about 0.0001 inches in diameter and ar·e 
sparsely located. The irregularity of surface finish makes further 
numerical characterization of little value. 
Surface GEPl was characterized by sparsely located ridges and 
valleys spotted with pits of about 0.0001 inches.in diameter with a 
density of about 250,000 pits per square inch. There are, also, num-
erous surface protrusions of about 0.00005 inches in diameter. The 
surface appears relatively smooth at a magnification of lO,OOOX, 
because of the relatively large distances (0.0005 inches) between 
the major surface protrusions. Pictures taken after the boiling tests 
with this surface were completed showed essentially no change. The 
bright anomalies on the surfaces are particles deposited during hand-
ling, and are not part of the surface finish. Once more, it should 
be pointed out that a number of fissures are evident in the plating 
and that their effects on the results are not known. 
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The ridges and valleys of surface GEP2 were less prominent than 
those on surface GEPl, but appear with about the same regularity. 
There are approximately twice as many pits of 0.0001 inches in diameter 
with a density of 500,000 pits per square inch. Surface protrusions 
similar to those observed on surface GEPl appear with about twice the 
regularity. Data taken while boiling from surface GEP2 indicated 
that some change may have occurred after this surface had under.gone 
three series of tests, Series 8, 9. and 10. Pictures were again taken 
of this surface and did indicate that a change in surface conditions 
had occurred. Additional photographs were taken at a different sur-
face location to validate this finding. The surface appeared in both 
sets of photographs to have larger projections from the surface after 
boiling than it had before the tests were initiated. The protrusions 
occurred with about the same frequency, but appeared to be about twice 
as large. The surface micrographs before and after the boiling tests 
were completed indicated that some of the gold plating may have been 
removed. Visual comparison of surface GEP2 and a similarly prepared 
surface revealed different surface tones, strengthening the hypothe-
sis tha.t some of the gold plating was not securely bonded. 
The loss of plating from the surface is not a gross delamination 
type of failure. Clusters of electroplated atoms could be lost due 
to violent surface interactions if the plated film contained micro 
impurities where the deposited atoms did not adhere. The localized 
loss of adhesion could also be due to differences in current densi-
ties across the surface during electrodeposition which could lead 
to localized areas where clustered atoms were deposited non-uniformly. 
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An attempt was made to duplicate the surface change using the 
similarly prepared surface. The surface was scribed to facilitate 
location of the same area with the SEM before and after boiling. A 
test was carried out by boiling from the scribed surface for four 
runs, allowing the surface to warm to room temperature between each 
run, just as surface GEP2 had been boiled and warmed. The surface 
change was not duplicated. The micrographs, shown in Appendix .D, 
lend general credibility to the stability of gold plated surfaces. 
Inability to reproduce the surface change does not alter the author's 
contention that surface GEP2 did undergo a physical change, probably 
as a result of a loss of gold plating. Kosky (38, 40) observed an 
abrupt shift of this type in his·work boiling argon from platinum 
plated surfaces but offers no explanation. His shift could be ex-
plained with this hypothesis~ 
Prior to the examination in the SEM the scribed surface was 
cleaned with acetone that contained some impurities. The dark squares 
in the micrographs are a result of the burning of th.~se or other im-
purities by the electrons that strike the surface from the electron 
gun. .The dark squares were not observed when the same point was re-
examined after boiling. The impurities were evidently dissipated 
during the boiling tests. It is impurities of this nature, impurities 
that result from surface manufacture or cleaning, that the author feels 
must be removed by aging before reproducible results can be obtained. 
The silver oxide surface, SOX, had a very irregular surface. The 
appearance of the silver oxide micrographs is typical of most metal 
oxides. Particles o£ silver oxide about 0.00025 inches in diameter 
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appear to be protruding from the surface with a density of about 
750,000 particles per square inch. These spots can be observed at a 
magnification of lOOX. Higher magnification, 300~revealed the presence 
of pits of about 0.000025 inches in diameter with a density of about 
30,000,000 pits per square inch. 
Surface SEPA appears to be streaked with alternate crevices and 
rough, pitted areas. This surface texture is interpreted as being the 
result of different grain orientations. The rough areas comprise 
about 90% of the surface and consists of pits of about 0.000025 inches 
·in diameter with a density of about 400,000,000 pits per square inch. 
Surface SEPB appears similar to surface SEPA at lower magnifica-
tions, but higher magnifications reveal that the pits are much smaller, 
about 0.00001 inches in diameter, and are estimated in number as about 
150,000,000 pits per square inch. 
TableiL presents the results of the topographical examinations 
described above. Maximum heat fluxes and the 6T at burnout are also 
listed for later use. The numbers 1 through 8 in the table indicate 
the arbitrary roughness of the surface as it appears at 300X. The 
lower numbers indicate the rougher surfaces. Magnifications of 300X 
were found to be the most meaningful to correlate the boiling phenom-
enon with surface appearance. 
B. NUCLEATE BOILING RESULTS 
Graphical descriptions of the data obtained during the boiling 
tests of this investigation are shown in Figures 5 through 15 with 
the measured heat flux plotted as a function of 6T. Some data points 
from the lower portion of the boiling curves are omitted for the sake 
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Table II 
Results of Roughness Examination 
and Boiling Tests 
Maximum Relative Burnout 
Surface Heat Flux Roughness L:l.T 
B.t.u./hr.ft.2(1o)-4 300X OF 
GCE 13.5 1* 19.3 
GMP 11.3 2 22.3 
GEE 11.3 3 14.9 
GEP2 10.6 4 32.3 
SEPB 9.5 6 10.9 
sox 9.2. 5 18.5 
GEPl 8.0 8 35.3 
SEPA 7.9 7 13.5 
Lower numbers indicate rougher surfaces. See Appendix D. 
39 
of clarity> but a complete listing of all calculated data is included 
as Appendix A. 
Figure 5 contains the results of the boiling of liquid nitrogen 
from surface GCE. It should be observed that the maximum heat fluxes 
for Run 1 and Run 4 at the same reduced pressure (0.3) are not the 
same. No prior aging was done with this surface. The aging for this 
series consisted of Run 1. Run 2 and Run 5 yield the same boiling 
curve and maximum heat flux. The need to age a surface in the liquid 
to be boiled to obtain a reproducible boiling curve has been noted by 
several investigators (16, 22, 31, 60}, who postulate tha~ aging is 
necessary to remove adsorbed gases from the surface. The slopes of 
the boiling curves are different. Run 3 and Run 7 at a reduced pres-
sure of 0.1 demonstrate an exaggerated point of inflection at about 
one-half of the maximum heat flux. 
The boiling results from surface GCE are shown in Figure 6. The 
same general comments concerning the slopes of the curves as mentioned 
for surface GCE are applicable. In addition, the boiling curves at 
reduced pressures of 0.6 and 0.7 cross at a heat flux of about 28,000 
B.t.u. per hour per square foot. It is the contention of the author 
that this phenomenon> observed to some extent in later figures, is 
the result of pressure effect on the mechanism of nucleate boiling 
from a given surface. An effect of pressure on the boiling mechanism 
has been discussed by Kosky (38). Run 13 reproduced Run 8 within 5 
percent, demonstrating the general reproducibility of the data taken 
in this investigation when the surface does not change. 
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Figure 5. Nucleate Boiling Curves for Surface GCE, Series l 
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Figure 6. Nucleate ·Boiling Curves for Surface GPM, Series 2 
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The results of the boiling from surface GEE are shown in Figure 
7. At a r-educed pressure of 0.3, the boiling curve demonstrates an 
exaggerated slope, decreasing the dependence of the heat flux on the 
exponent of ~T. This crossing of curves, as mentioned above, suggests 
that a different mechanism may be controlling the boiling characteris-
tics of this surface at a reduced pressure of 0.3. 
Figure 8 shows the results from an electropolished surface. The 
pictures indicate that this surface is the smoothest of all those ex-
amined. The maximum~T at burnout, 35.3 °F, at a reduced pressure of 
0.1 was found to be the largest ~Tbo of all surfaces_. The burnout 
heat flux for Run 28 was determined to be lower than expected. It is 
believed by the author that this particular burnout is a result of the 
level in the autoclave lowering enough due to leakage to produce a 
misleading result, a forced burnout. The autoclave was refilled after 
this run. 
Figures 9, 10, and 11 are the results of boiling from surfaces 
SEPA, SOX, and SEPB respectively. All curves appear similar to the 
gold plated copper surfaces in shape. However, the ~Tat burnout is 
much less than the burnout ~T for the gold plated copper surfaces ex·. 
amined and found to have a roughness closely approximating that of the 
silver surfaces. This point will be discussed later. The slope of 
the curve for Run 48 is worthy of note due to its deviation from the 
slope of the other curves in Series 7. Kosky (38) has observed nu-
cleate boiling curves deviating in this fashion for liquid oxygen. 
Figure 12 is the result of the first boiling tests from surface 
GEP2. It can be seen from the displacement of points for a reduced 
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pressure of 0.1 that aging was necessary to obtain reproducible re-
sults. This surface underwent no prior burnout or aging. At the 
conclusion of this series, the surface was exposed to nitrogen gas 
at 80 pounds per square inch for six days at room temperature. The 
data of Figure 13 show that this atmosphere had no discernable effect 
on the boiling characteristics. A slight irregularity is shown in 
Figure 13. The curves at a reduced pressure of 0.1 for Runs 61 and 
62 agree with earlier Runs 54 and 59 and for subsequent Runs 66, 67~ 
and 69. It can be seen that Run 65 is displaced far to the left of 
these curves, indicating that a lower surface superheat was necessary 
to promote boiling. Frederking (24) explains a difference between 
experiments by noting that the temperature difference may vary by a 
factor of two as a result of the amount of vapor or foreign gas 
trapped in surface cavities. It is the contention of this author that 
the data from Run 65 are in error, probably due to a loss of liquid 
nitrogen from the reference junction bath. 
The surface was then exposed to gaseous argon at 80 pounds per 
square inch fQr six days at room temperature. This exposure also 
created no discernable change in the boiling characteristics of the 
surface as shown in Figure 14. 
Surface GEP2 was then exposed to gaseous nitrogen at 80 pounds per 
square inch at room temperature for six more days. A hysteresis exam-
ination was made. Hysteresis will be discussed further in Section E. 
It was found that the curve shown in Figure 15 for a reduced pressure of 
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coincided with the curve for Run 68 at a reduced pressure of 0.2. 
This phenomenon could also be explained by the hypothesis of 
Frederking (19), but it is believed by the author that exposure to 
nitrogen gas after boiling from a reproducible surface with liquid 
nitrogen should produce no adsorption of foreign gas or vapor on the 
surface that was not there previously. 
The lack of reproducibility of Runs 69 and 71 prompted a re-
examination of surface GEP2 with the SEM to determine whether or not 
the surface bad physically changed. The pictures obtained indicated 
that a change in surface conditions had occurred. The author con-
tends that this change (refer to Section A.) occurred between Runs 
69 and 71 and is the reason for the lowering of 6T as discussed. Re-
sults of all surface examinations indicate that a rougher surface re-
quires a lower surface superheat to promote boiling. The irregulari-
ties that appeared on surface GEP2 did increase the microscopic 
roughness. 
Comparison of the nucleate boiling curves obtained in this inves-
tigation confirm the findings of Corty and Foust (16); that the 6T 
in nucleate boiling decreases with increasing surface roughness, and 
that the positions and slopes of the boiling curves vary with rough-
ness and pressure. 
C. NUCLEATE BOILING CORRELATIONS 
A comparison of the nucleate boiling correlations contained in 
the literature survey, a modification of the correlation of MOntgomery, 
and the nucleate boiling curve for Run 72 are shown in Figure 16. 
Physical property data were reported by Gibbons (29), Nemmers (57), 
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Figure 16. Comparison of Some Existing Nucleate Boiling Correlations for Liquid 
Nitrogen at Pr • .l with Results of Run 72 
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and Park (60). Run 72 was chosen because it contained nineteen data 
points. This large number of points affords correlations that re-
quire mathematical fit of the data the maximum opportunity to predict 
the data correctly. 
The correlations of McNelly (equation 1), Levy (equation 2), and 
Borishansky and Kosyrev (equation 3) are shown to be very poor approxi-
mations. The best of the three, equation 1, predicts values about 50 
percent of those actually obtained. None of these correlations allow 
for surface variations, indicating that these curves should be valid 
for saturated liquid nitrogen at a reduced pressure of 0.1 boiling 
from any surface. This hypothesis is inherently incorrect, as shown 
by the data of this and many o~her investigations (7,42,60,68). 
The correlations of Mikic and Rohsenow (equation 5) and Montgomery 
(equation 7) each have one consta~t that can be adjusted to the data 
to allow for surface and geometric conditions. MOntgomery forces the 
exponent on AT to be 4.0, while Mikic and Rohsenow force the exponent 
to be constant only for a given surface. The value plotted in Figure 
16 is for m=2.0, thus requiring the exponent onAT to be 3.0. It is 
interesting to note that equation 5 with mP3.0 ~T exponent= 4.0) 
predicts the same heat flux values as equation 7. For Run 72 equation 
5 predicts the maximum heat flux with an absolute percent deviation 
of 24.9, while equation 7 gives values with an absolute percent de-
viation of 44.6. 
According to Mlkic and Rohsenow, equation 5, based on Mechanism 
I, should generate one constant which is a function of surface proper-
ties and the acceleration of gravity at any pressure. This value should 
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then be usable to predict the heat flux at any pressure merely by 
changing the fluid physical properties appropriately. For Series 
3, the constant B for equation 5 at a reduced pressure of 0.1 is· 
50.740. At a reduced pressure of 0.9 the constant B is 0.0004223. 
These values represent the maximum difference found, but are indic-
ative of the inability of equation 5 to predict the maximum heat 
flux as claimed. 
The complexity of the boiling curves contained in Figures 5 
through 15 indicates that a constant value of the exponent on~T 
will not predict the maximum heat flux for all pressures. It is 
the contention of the author tha"t there may be more than one mech-
anism in effect during a single boi'ling curve and that the mechan-
ism itself is a function of pressure. Thus, no single exponent on 
~Twill suffice to describe all boiling curves for a given surface. 
With this in mind, the author removed the rigid requirement of 
the MOntgomery correlation that the exponent on~T be set at 4.0. 
The following equation, a modification of equation 7, was used to 
fit the data of this investigation with much better results than 
the other equations described. The result is equation 15. 
I 
Q/A = c' f [~T .• Tr ·103] b 
sg Tc 
Where: C = a function of surface geometry, roughness, and 
sgf fluid-surface interaction 
b = a variable exponent. 
(15) 
Equation 15 was used successfully to predict the boiling ~urve 
for Run 72 as shown in Figure 16 with an absolute percent deviation 
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of 7.6. The value of b was not constant for each surface over all 
pressure values examined. 
Appendix C contains a tabulation of constants and resulting ab-
solute percent deviations obtained for Runs 1 through 72 for equations 
5, 7, and 15. 
D. MAXIMUM HEAT FLUX AND CRITICAL TEMPERATURE DIFFERENCE. CORRELATIONS 
The maximum heat flux values obtained in this investigation are 
compared with the correlations discussed in the literature review in 
Figures 17, 18, and 19. None of the data are predicted correctly by 
the correlations of Cichelli and Bonilla (equation 12), Lienhard and 
coworkers (equation 11), or Zuber (equation 10). The correlation of 
Rohsenow and Griffith (equation 8) predicts the maximum heat flux for 
surface GCE within 10 percent and for surface GMP within 30 percent. 
The correlation of Kutataladze (equation 9) predicts the maximum heat 
flux for surface GEPl within 15 percent and surface SEPA within 18 
percent. The maximum heat flux for all other surfaces lies between 
these limits. Comparison of the surface micrographs obtained and 
Table II.will illustrate that surfaces GCE and GMP were the roughest 
surfaces examined while GEPl and SEPA were the smoothest according 
to the 300X pictures. 
Several investigators (7, 17, 28, 38, 40, 42, 4, 65, 46) have 
postulated an effect of surface conditions on the maximum heat flux. 
None of these investigators have been able to conclusively define the 
character of their boiling surfaces or to differentiate the effe~ts 
of surface chemistry unequivocally from surface roughness as they 
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Figure 18. Maximum Heat Flux Correlations for Liquid Nitrogen 
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Figure 19. Maximum Heat Flux Correlations for Liquid Nitrogen and 
Results of Series 5, 6, and 7 
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It can readily be seen by examination of Table II that the maxi-
mum heat flux for a given surface is a strong function of surface 
roughness, as is 6T at burnout. The maximum heat flux observed for 
surfaces GEPl and SEPA could well be interchanged within experimen-
tal error. 
The effect of surface chemistry on the maximum heat flux is not 
readily discernable from these data. It should be observed, again 
from Table II, that the 6Tbo for the smooth surface, GEPl, was 35.3 
°F, while the 6Tbo for the comparably textured silver surface, SEPA, 
was only 13.5 °F. This evidence indicates that ~Tbo is greatly af-
fected by surface chemistry. Furthermore, the diff,!rence in 6T for 
comparable surface roughness (35.3 °F versus 13.5 °F) indicates that 
the exponent on~T and the slope of the boiling curve in any nucleate 
boiling correlation must be a variable function of both surface .. chem-
istry and roughness. The author contends that the result of this 
evidence gives further validity to the hypothesis that the boiling 
mechanism must be a function of surface chemistry, probably through 
the surface-fluid interaction. 
The data of this investigation are compared with the correlation 
of Cobb and Park (equation 13) in Figure 20. The correlation was de-
rived using both cylindrical and flat plate boiling data. Some data 
of Lyon, Kosky, and Harman (49) and Kosky (38) using flat plate plat-
inum heaters and liquid oxygen and liquid nitrogen are included in 
the figure as are the data of Roubeau (70). Roubeau boiled liquid 
nitrogen from an unplated flat copper surface. The remaining data 
from cylindrical heaters that were used to obtain and verify the 
correlation are omitted for the sake of clarity. 
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The author feels that this correlation must be discussed with 
two surface types in mind, an unoxidized surface and a surface that 
is either oxidized or subject to oxidation. 
Equation 13 predicts the value of maximum heat flux at any pres~ 
sure divided by the maximum heat flux at a reduced pressure of 0.1 
with values that are generally high by about 20 percent for flat plate 
unoxidized surfaces. Ninety percent of the data shown for these types 
of surfaces fall below the predicted value regardless of roughness. 
A very interesting observation can be made by examining the data 
for the boiling of both liquid oxygen and liquid nitrogen from plati-
num, liquid nitrogen from the silver oxide surface (surface SOX) of 
this investigation, and liquid nitrogen from Roubeau 1 s bare copper 
surface. Surface SOX was intentionally oxidized, and the bare copper 
surface of Roubeau was subject to oxidation. The correlation appears 
to predict high values of the heat flux ratio at reduced pressures 
below 0.1 and values that are quite low (about 60 percent·of the ob-
served values) at reduced pressures above 0.1 for this category of 
surface. Further examination shows that the heat flux ratios for the 
liquid oxygen boiled by both Kosky and Lyon et al. are higher than 
the corresponding ratios for the liquid nitrogen boiled from the same 
platinum surfaces. Oxygen"and nitrogen both follow the law of corre-
spo~g states to a high degree of accuracy. The physical properties 
of these fluids cannot account for the difference in heat flux ratios 
described above. This evidence lends further strength to the hypotheses 
that the boiling mechanism must be a function of surface chemistry 
through surface-fluid interaction and pressure. 
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The maximum temperature difference correlation of Park (equation 
14) is compared with the data of this investigation in Figure 21. 
Error limits are drawn at 20 and 25 percent. Eighty percent of the 
data of this investigation are predicted within 25 percent of the 
observed value and 74 percent are predicted within 20 percent. These 
results are considered good in view of the inherent errors in meas-
urement of the burnout surface temperatures. Variations in surface 
temperatures can be the result of several factors, such as: 1) de-
termination of the exact temperature difference at the burnout point 
is difficult because of heater instability, 2) the data had to be ex-
trapolated to obtain the surface temperature at burnout, and 3) the 
magnitude of the temperature difference is much smaller than that of 
the heat flux. The errors of this investigation are thoroughly dis-
cussed in Appendix B. 
E. HYSTERESIS OBSERVATIONS 
The object of Runs 71 and 72 was to examine first whether hystere-
sis existed on surface GEP2 and, if so, whether the possible presence 
of adsorbed gas on the surface affected .the hysteresis characteristics. 
There have been several theories postulated to explain the hys-
teresis observed by many investigators (16, 41, 47, 55). Banko££ (2) 
proposed that certain cavities switch from liquid-filled to gas-filled 
and vice versa. Lyon (48) states that a nucleation site that was acti-
vated while increasing the heat flux remains active at much lower 
delta T1 s as the flux decreases. Bewilogua and coworkers (6) contend 
that hysteresis is a result of adsorbed gas and that the boiling curve 
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a larger portion of the surface is covered with vapor than was covered 
when increasing the heat flux. 
The results of this investigation, Figure 15, indicate that no 
hysteresis effects were present. This evidence indicates that ad-
sorbed gas does not cause hysteresis. The author agrees with the con-
tention of Nickelson and Preckshot (58), that hysteresis losses are a 
result offluid or surface contaminates. 
VI. CONCLUSIONS 
The results of this investigation indicate that the following 
conclusions are appropriate: 
1. The aging of a surface in the fluid to be boiled allows 
reproducible results to be obtained, but it is doubtful 
that the aging is necessary because of adsorbed gas on 
the surface. The author contends that aging is probably 
necessary to remove surface impurities that are a result 
of the manufacture or cleaning of the surface. A surface 
need be aged only once. 
2. The mechanisms determining the boiling characteristics of 
a given surface are not the same at all pressures. The 
boiling mechanism changes as indicated by the change in 
the dependence of the heat flux on the exponent of ~T. 
3. The effect of adsorbed inert gases on the boiling charac-
teristics of gold plated copper surfaces is negligible. 
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4. The ~T in nucleate boiling decreases with increasing sur-
face roughness observable through 300X surface examination, 
and is a very strong function of surface chemistry as the 
surface chemistry affects the surface-fluid interaction. 
5. The nucleate boiling correlations that are reported herein 
are valid as rough approximations only. 
6. The position and slope of the boiling curve are functions 
of both surface roughness and surface chemistry. Any ac-
curate nucleate boiling correlation must allow the exponent 
of ~T to vary accordingly. 
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7. Equation 15, the modified Montgomery correlation, agrees 
well with experimental data when the rigidity of the ex-
ponent of 6T is released. 
8. The maximum heat flux correlation of Cobb and Park, equa-
' tion 13, predicts the correct values for the maximum heat 
flux for an inert surface with greater reliability than the 
correlations reported that make no allowance for surface 
conditions. The predictions for flat gold plated heaters 
are normally high. 
9. Delta Tat burnout is a strong function of both surface 
chemistry and surface roughness. 
10. The temperature difference at burnout correlation of .Park, 
equation 14, predicts burnout temperatures within 20 percent 
of the observed value for flat plate heaters with about 75 
percent reliability. 
11. The maximum heat flux is a very strong function of surface 
roughness, with rougher surfaces yielding higher maximum 
heat fluxes. 
12. Oxide surfaces give higher (Q/A)max/(Q/A)max-Pr=O.l ratios 
than base metal surfaces of the same roughness at reduced 
pressures greater than 0.1. 
13. Hysteresis is not a result of adsorbed inert gas on the 









Constant in equation 5, 
Exponent in equation 15, 
Constant in equatign 2, 
Specific heat, B.t.u./lbm· °F, 
Csgf = Constant in equation 7, 
C~gf = Constant in equation 15, 
D = Characteristic dimension of heating surface, ft., 
E = Potential, volts, 

























Gravitational constant, lbm.ft./lbf.sec.2, 
Heat transfer coefficient, B.t.u./hr. ft. 2 °F, 
Current, amperes, 
Thermal conductivity, B.t.u./hr •. ft.2 °F/ft., 
Latent heat of vaporization, B. t.u. /Ibm., 
Molecular weight, lbm./mole, 
Exponent in equation 6, 
Pressure, p.s.i., 
Parachor, 
Rate of heat transfer, B.t.u./hr., 
Temperature, 0 R or °F, 
Temperature difference (Tsurface - Tpool), °F. 
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Greek Symbols 
a = Constant in equation 12, 




3 Density, lbm./ft. , 
~ = Constant in equation.6. 
Subscripts 
b refers to bottom, 
bo refers to burnout tempe~ature conditions, 
c refers to critical point, 
i refers to inside, 
1 refers to liquid, 
max refers to maximum heat flux conditions 
o refers to outside, 
r refers to reduced property, (T/Tc, etc.), 
s refers to saturation conditions, 
v refers to vapor. 
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TABLE A-I NUCLEATE BOILING N2 DATA ON SURFACE GCE 
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NUCLEATE BOILING ~ DATA ON SURFACE GCE 
Series 1, Run NUmber 1 
Saturation Temperature 187.2°R 
Saturation Pressure 147.6 P.S.I.A. 
Q/A (lor4 ~T 
Reading B. t. u. /hr. ft. 2 Op 
1 0.346 4.2 
2 1.272 7.1 
3 2.821 7.8 
4 5.053 8.0 
5 7.921 11.9 
6 11.344 17.1 Burnout Point 
Series 1, Run NUmber 2 
Saturation Temperature 202.50R 
Saturation Pressure 246.0 P.S.I.A. 
Reading Q/A (10)-4 ~T 
B • t • u • /hr • f t • 2 Op 
1 0.313 4.2 
2 1.259 -7.3 
3 2.408 8.0 
4 3.841 8.1 
5 5.549 8.9 
6 7.453 9.9 
7 9. 752 10.4 
8 11.252 13.0 
9 11.495 13.5 Burnout Point 
80 
Series 1, Run Number 3 
Saturation Temperature 160.90R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 L.).T 
Reading B . t • u. /hr. f t . 2 OF 
1 0.344 5.9 
2 1.259 8.7 
3 2.848 9.4 
4 5.018 11.7 
5 5.014 10.8 
6 7.098 12.0 
7 9.583 15 •. 2 
8 11.316 18.9 Burnout Point 
Series 1, Run Number 4 
Saturation Temperature 187.20R 
Saturation Pressure 147.6 P.S.I.A. 
Q/A (10)-4 Ll.T 
Reading B • t • u. /hr • f t • 2 OF 
1 0.327 4.1 
2 1.271 6.4 
3 2.837 8.0 
4 5.049 9.0 
5 7.450 10.9 
6 9.527 11.9 
7 11.170 15.1 
8 13.499 17.4 Burnout Point 
81 
Series l, Run Number 5 
Saturation Temperature 202.50R 
Saturation Pressure 246.0 P.S.I.A. 
Q/A (lo)-4 6.T 
Reading B. t. u. /hr. ft.2 OF 
1 1.252 6.1 
2 3.841 6.6 
3 6.536 10.3 
4 9. 710 11.9 
5 11.566 13.5 Burnout Point 
Series 1, Run Number 6 
Saturation Temperature 176.80R 
Saturation Pressure 98.4 P.S.I.A. 
Q/A (10)-4 b.T 
Reading B. t. u. /hr. ft.2 OF 
1 0.328 5.0 
2 1.255 5.7 
3 2.784 8.2 
4 5.123 9.6 
5 7.938 11.6 
6 10.568 13.0 
7 12.804 15.3 Burnout Point 
82 
Series 1, Run Number 7 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (lQ)-4 .6T 
Reading B.t.u./hr. ft.2 OF 
1 1.269 9.4 
2 2.868 12.5 
3 6.443 13.2 
4 9.481 15.5 
5 11.391 19.3 Burnout Point 
83 
TABLE A-II 
NUCLEATE BOILING N2 DATA ON SURFACE GMl' 
Series 2, Run Number 8 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 ~.S.I.A. 
Q/A (10)-4 ~T 
Reading B.t.u./hr. ft.2 OF 
1 0.706 6.5 
2 1.986 10.2 
3 4.074 12.8 
4 6.430 16.4 
5 9.574 21.5 Burnout Point 
Series 2, Run NUmber 9 
Saturation Temper.ature 187.20R 
Saturation Pressure 147.6 P.S.I.A. 
Q/A (10)-4. ~T 
Reading B.t.u./hr. ft. 2 oF 
1 0.427 2.8 
2 1.287 6.8 
3 2.857 9.8 
4 5.149 12.3 
5 8.087 16.0 
6 10.716 18.5 Burnout Point 
84 
Series 2, Run Number 10 
Saturation Temperature 202.5°R 
Saturation Pressure 246.0 P.S.I.A. 
Q/A (10)-4 ~T 
Reading B.t.u./hr. ft. 2 or 
1 0. 740 5.3 
2 1.980 7.3 
3 3.912 10.0 
4 6.402 12.6 
5 7.976 14.1 Burnout Point 
Series 2, Run Number 11 
Saturation Temperature 213. 7°R 
Saturation Pressure 344.4 P.S.I.A. 
Q/A (10)-4 ~T 
Reading B. t. u. /hr. ft. 2 oF 
1 o. 740 6.5 
2 2.019 7.3 
3 3.912 7.8 
4 5.077 8.0 Burnout Point 
Series 2, Run Number 12 
Saturation Temperature 176.80R 
Saturation Pressure 98.4 P.S.I.A. 
Q/A (l0)-4 ~T 
B,~ading B. t. u. /hr. ft.2 oF 
1 0.641 6.0 
2 1.944 7.8 
3 3.936 10.8 
4 6.180 13.7 
5 7.962 16.0 
6 9.547 17.7 



















Series 2, Run Number 13 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 







Series 2, Run Number 14 
Saturation Temperature 222.8°R 
Saturation Pressure 442.8 P.S.I.A. 
Q/A (10)-4 




Series 2, Run Number 15 
Saturation Temperature 187.2°R 
Saturation Pressure 147.6 P.S.I.A. 
Q/A (10)-4 















































Series 2, Run Number 16 
Saturation Temperature 195.5°R 
Saturation Pressure 196.8 P.S.I.A. 
Q/A (10)-4 . 







Series 2, Run Number 17 
Saturation Temperature 208.5°R 
Saturation Pressure 295 .• 2. P.S.I.A. 
Q/A (10)-4 







Series 2, Run Number 18 
Saturation Temperature 218.90R 
Saturation Pressure 393.6 P.S.I.A. 
Q/A (10)-4 



















9.8 Burnout Point 
3.3 
4.0 No Burnout 
87 
TABLE A-III 
NUCLEATE BOILING ~ DATA ON SURFAC~ GEE 
Series 3, Run Number 19 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A {10)-4 l:.T 
Reading B. t.u. /hr. ft.2 Op 
1 0. 711 5.3 
2 1.954 6.8 
3 2.754 7.8 
4 5.500 9.0 
5 7.372 10.3 
6 8.344 12.3 
7 9.505 14.9 Burnout Point 
Series 3~ Run Number 20 
Saturation Temperature 187.20R 
Saturation Pressure 147.6 P.S.I.A. 
Q/A {10)-4 l:.T 
Reading B. t. u./hr. ft. 2 oF 
l 0. 722 4.4 
2 1.964 4.7 
3 3.836 5.9 
4 5.524 6.6 
5 6.684 7.2 
6 7.861 8.0 
7 9.202 8.3 
8 10.265 9.0 
9 11.327 9.3 Burnout Point 
88 
Series 3, Run Number 21 
Saturation Temperature 202.5oR 
Saturation Pressure 246.0 P.S.I.A. 
Q/A (10)-4 6.T 
Reading B. t. u. /hr. ft.2 OF 
1 0. 703 5.5 
2 1.983 5.0 
3 3. 790 5.8 
4 5.041 6.6 
5 6. 751 7.7 
6 7.898 9.1 
7 9.555 11.9 Burnout Point 
Series 3, Run Number 22 
Saturation Temperature 213.1°R 
Saturation Pressure 344.4 P.S.I.A. 
Q/A (10)-4 6.T 
Reading B.t.u./hr. £t.2 oF 
1 0.708 5.4 
2 1. 700 5.7 
3 2.801 5.9 
4 3.885 6.1 
5 5.077 6.5 
6 6.092 7.0 Burnout Point 
89 
Series 3, Run Number 23 
Saturation Temperature 222.80R 
Saturation Pressure 442.8 P.S.I.A. 
Q/A (10)-4 .6.T 
Reading B.t.u./hr. ft.2 Op 
1 0.079 4.8 
2 0.312 4. 7 
3 1.261 5.5 
4 1.911 5.9 Burnout· Point 
Series 3, Run Number 24 
Saturation Temperature 160.90R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 .6.T 
Reading B.t.u./hr. ft.2 Op 
1 1.965 6.9 
2 3.869 9.6 
3 5.549 10.2 
4 7.277 11.1 
5 8.537 12.1 
6 9.505 13.4 
7 10.353 14.8 Burnout Point 
90 
Series 3, Run Number 25 
Saturation Ttmperature 195.50R 
Saturation Pressure 196.8 P.S.I.A. 
Q/A (10)-4 b.T 
Reading B.t.u./hr. ft. 2 oF 
1 1.270 5.1 
2 2.843 6.5 
3 3.865 6.5 
4 5.034 7.0 
5 6.368 7.7 
6 7.975 8.1 
7 9.505 10.0 
8 11.114 12.4 Burnout Point 
Series 3, Run Number 26 
Saturation Temperature 208.SOR 
Saturation Pressure 295.2 P.S.I.A. 
Q/A (10)-4 .D.T 
Reading B.t.u./hr. ft.2 Op 
1 0.897 4.7 
2 1.958 5.2 
3 2.840 6.0 
4 3.857 6.1 
5 5.032 6.7 
6 6.180 7.1 
7 6.882 7.3 Burnout Point 
91 
TABLE A-IV 
NUCLEATE BOILING ~ DATA ON SURFACE GEP1 
Series 4, Run NUmber 27 
Saturation Temperature 160.90R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (to)-4 ~T 
Reading B.t.u./hr. £t.2 OF 
1 1.255 10.9 
2 2.406 14.5 
3 3.903 19.1 
4 5.064 24.7 
5 6.304 30.6 
6 7.326 34.3 Burnout Point 
Series 4, Run Number 28 
Saturation Temperature 187.2°R 
Saturation Pressure 147.6 P.S.I.A. 
Q/A (10)-4 .6.T 
Reading B. t. u ./hr. ft. 2 oF 
1 1.266 10.1 
2 1.957 12.6 
3 2.888 16.3 
4 3.887 20.1 
5 5.059 22.4 
6 6.525 26.8 Burnout Point 
92 
Series 4, Run Number 29 
Saturation Temperature 202.5°R 
Saturation Pressure 246.0 P.S.I.A. 
Q/A (10)-4 t:.T 
Reading B.t.u./hr. ft.2 oF 
1 1.274 10.0 
2 1.983 12.3 
3 2.846 13.1 
4 3.924 13.8 
5 5.067 14.1 
6 6.446 14.7 Bu1;nout Point 
Series 4, Run Number 30 
Saturation Temperature 202.50R 
Saturation Pressure 246.0 P.S.I.A. 
Q/A (10)-4 t:.T 
Reading B.t.u./hr. ft. 2 OF 
1 1.274 7.5 
2 1.999 7.7 
3 2.865 8.0 
4 3.948 8.1 
5 4.898 8.3 Burnout Point 
93 
Series 4, Run Number 31 
Saturation Temperature 222.80R 
Saturation Pressure 442.8 P.S.I.A. 
Q/A (10)-4 L:.T 
Reading B. t. u ./hr. ft.2 OF 
1 0.200 4.2 
2 0.619 4.5 
3 0.910 4.5 
4 1.401 4.7 
5 1.805 4.8 Burnout Point 
Series 4, Run Number 32 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 L:.T 
Reading B. t. u./hr. ft.2 OF 
1 1.274 13.0 
2 2.466 15.6 
3 3.866 19.7 
4 5.066 21.8 
5 5.816 25.3 
6 6.643 29.6 
7 7.289 35.3 Burnout Point 
94 
Series 4, Run Number 33 
Saturation Temperature 176.8°R 
Saturation Pressure 98.4 P.S.I.A. 
Q/A (10)-4 6.T 
Reading B.t.u./hr. ft.2 OF 
1 1.325 9.3 
2 1.983 11.1 
3 2.903 13.0 
4 3.909 13.8 
5 5.066 14.9 
6 6.367 16.4 
7 7.301 18.1 
8 8.024 20.0 Burnout Point 
95 
TABLE A-V 
NUCLEATE BOILING N2 DATA ON SURFACE SEPA 
Series 5, Run Number 34 
Saturation Temperature 160.90R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 .6.T 
Reading B. t. u ./hr. ft. 2 oF 
1 1.250 6.4 
2 1.960 8.0 
3 2.838 9.0 
4 3.899 10.1 
5 5.272 11.5. 
6 6.153 13.0 
7 6.701 13.5 Burnout Point 
Series 5, Run Number 35 
Saturation Temperature 187.20R 
Saturation Pressure 147.6 P.S.I.A. 
Q/A (10)-4 .6.T 
Reading B. t .u. /hr. ft.2 OF 
1 1.263 5.5 
2 1.961 6.8 
3 2.837 7.7 
4 3.855 8.4 
5 5.044 10.1 
6 5.852 10.7 
7 6. 702 11.9 
8 7.902 13.3 Burnout Point 
96 
Series 5, Run Number 36 
Saturation Temperature 202.5°R 
Saturation Pressure 246.0 P.S.I.A. 
Q/A (10)-4 ~T 
Reading B . t . u. /hr • ft. 2 OF 
1 0.791 4.9 
2 1.259 5.3 
3 1.976 6.0 
4 2.819 6. 7 
5 3.912 8.3 
6 5.071 9.4 
7 6.416 11.1 
8 7.304 12.0 Burnout Point 
Series 5, Run Number 3 7 
Saturation Temperature 213. ]OR 
Saturation Pressure 344.4 P.S.I.A. 
Q/A (10)-4 .6.T 
Reading B. t. u ./hr. ft. 2 OF 
1 0. 721 5.1 
2 1.240 5.6 
3 1.989 6.1 
4 2.820 6.8 
5 3.820 7.6 
6 5.028 8.6 Burnout Point 
97 
Series 5, Run Number 38 
Saturation Temperature 160.90R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 AT 
Reading B • t . u ./hr • f t . 2 oF 
1 1.259 6.3 
2 1.955 8.0 
3 2.881 9.1 
4 3.835 10.2 
5 5.054 11.2 
6 5. 775 12.2 
7 6.668 13.5 Burnout Point 
Series 5 ~ Run Number 39 
Saturation Temperature 195.50R 
Saturation Pressure 196.8 P.S.I.A. 
Q/A (10)-4 AT 
Reading . 2 OF B • t • u • /hr • f t • 
1 1.384 5.8 
2 2.839 6.6 
3 5.054 9.3 
4 6.429 11.2 
5 7.860 13.3 Burnout Point 
98 
Series 5, Run Number 40 
Saturation Temperature 208.5°R 
Saturation Pressure 295.2 P.S.I.A. 
Q/A (10)-4 b.T 
Reading B.t.u./hr. ft.2 OF 
1 1.253 5.5 
2 2.007 6.0 
3 2.823 6.8 
4 3.851 7.5 
5 5.075 8.7 
6 5.871 9.4 Burnout Point 
99 
TABLE A-VI 
NUCLEATE BOILING N2 DATA ON SURFACE SOX 
Series 6, Run Number 41 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 6-T 
Reading B. t. u. /hr. ft.2 OF 
1 0.697 7.3 
2 1.975 9.5 
3 2.820 10.9 
4 3.879 11.4 
5 5.095 13.2 
6 6.137 15.8 
7 7.007 18.4 Burnout Point 
Series 6, Run Number 42 
Saturation Temperature 187.2°R 
Saturation Pressure 147.6 P.S .I.A~ 
Q/A (1o)-4 6-T 
Reading B. t. u. /hr. ft.2 OF 
1 1.268 6.4 
2 2.017 7.3 
3 2.838 7.6 
4 3.915 9.5 
5 5.122 10.5 
6 6.156 11.5 
7 7.016 12.9 
8 7.858 15.9 
9 8.520 18.1 Burnout Point 
193938 
100 
Series 6, Run Number 43 
Saturation Temperature 202.50R 
Saturation Pressure 246.0 P.S.I.A. 
Q/A (10)-4 b.T 
Reading B . t . u . /hr . f t . 2 OF 
1 1.284 6.7 
2 2.036 7.0 
3 2.841 7.4 
4 3.871 8.0 
5 5.124 8.8 
6 6.436 11.0 
7 7.357 12.5 
8 8.188 14.0 
9 8.705 14 . 7 Burnout Point 
Series 6, Run Number 44 
Saturation Temperature 176.80R 
Saturation Pressure 98.4 P.S.I.A. 
Q/A (loy4 b.T 
Reading B. t. u. /hr. ft. 2 OF 
1 1.273 7.4 
2 2.872 9.8 
3 3.917 11'..0 
4 5.102 12.4 
5 6.425 13.9 
6 7.440 16.1 
7 8.206 18.3 Burnout Point 
101 
Series 6, Run Number 45 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 ~T 
Reading B. t.u ./hr. ft.2 oF 
1 0.696 7.6 
2 1.974 10.2 
3 2.837 11.4 
4 3.911 13.0 
5 5.070 15.2 
6 6.109 16.0 
7 7.035 18.5 Burnout Point 
Series 6, Run Number 46 
Saturation Temperature 195 .5°R 
Saturation Pressure 196.8 P.S.I.A. 
Q/A (10)-4 C..T 
Reading B. t. u. /hr. f t . 2 OF 
1 1.273 6.5 
2 2.842 7.9 
3 3.915 9.0 
4 5.075 9.7 
5 6.357 11.1 
6 7.912 14.2 
7 8.498 15.9 
8 9.003 17.7 Burnout Point 
102 
TABLE A-VII 
NUCLEATE BOILING Nz DATA ON SURFACE SEPB 
Series 7, Run Number 47 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (l0)-4 AT 
Reading B. t. u. /hr. ft.2 or 
1 1.273 9-.9 
2 1.952 5.9 
3 2.841 7.1 
4 3.940 7.5 
5 5.125 8.4 
6 6.486 10.1 
7 7.182 10.2 
8 7.957 10.9 Burnout Point 
Series 7, Run Number 48 
Saturation Temperatuer 187.2oR 
Saturation Pressure 147.6 P.S.I.A. 
Q/A (10)-4 baT 
Reading B. t.u./hr. ft. 2 oF 
1 1.378 ' 5.2 
2 1.980 6.2 
3 2.857 6.8 
4 3.881 7.0 
5 5.075 7.7 
6 6.520 8.3 
7 7.863 8.8 ) 
8 9.478 9.8 Burnout Point 
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Series 7, Run Number 49 
Saturation Temperature 202.5°R 
Saturation Pressure 246.0 P.S.I.A. 
Q/A (1o)-4 .6-T 
Reading B. t.u./hr. f 2 oF t. 
1 1.261 s.s 
2 2.012 5.5 
3 2.017 5.6 
4 2.849 5.7 
5 3.876 6.3 
6 3.842 6.1 
7 5.036 6.6 
8 6.379 7.7 
9 7.153 8.5 
10 8.012 -9.2 Burnout Point 
Series 7, Run Number 50 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 .6.-T 
Reading B. t. u. /hr. ft.2 .oF 
1 1.261 5.5 
2 1.980 6.4 
3 2.862 6.9 
4 3.884 7.9 
5 5.078 9.4 
6 6~417 10.4 



















Series 7, Run Number 51 
Saturation Temperature 176.8°R 
Saturation Pressure 98.4 P.S.I.A. 
Q/A (10)-4 









Series 7, Run Number 52 
Saturation Temperature l95.5°R 
Saturation Pressure 196.8 P.S.I.A. 
Q/A (10)-4 





























10.3 Burnout Point 
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TABLE A-VIII 
NUCLEATE BOILING ~ DATA ON SURFJ\CE GEP2 
Series 8, Run Number 53 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 ~T 
Reading B . t • u • Lhi • f t . 2 Op 
1 1.252 8.8 
2 1.980 11.3 
3 2.843 13.4 
4 3.885 15.2 
5 5.153 17.1 
6 5.879 18.1 
7 6.439 18.5 
8 7.185 20.4 
9 7.962 21.1 
10 8.861 24.9 
11 9.293 29.1 Burnout Point 
Series 8, Run Number 54 
Saturation Temperature 160.90R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (1o)-4 ba.T 
Reading B. t • u • /hr • f t • 2 OF 
1 1.983 11.6 
2 2.923 13.6 
3 3.857 15.8 
4 5.140 17.3 
5 6.446 19.7 
6 7.975 23.3 
7 8.906 27.8 
8 9.250 31.3 Burnout Point 
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Series 82 Run Number 55 
Saturation Temperature 187.20R 
Saturation Pressure 147.6 P.S.I.A. 
Q/A (10)-4 AT 
Reading B.t.u./hr. ft.2 oF 
1 1.992 9.9 
2 2.868 11.4 
3 3.912 12.9 
4 5.044 15.0 
5 6.432 17 .o 
6 7.970 19.2 
7 8.929 21.1 
8 9.491 22.5 Burnout Point 
Series 8, Run Number 56 
Saturation Temperature 202.50R 
Saturation Pressure 246.0 P.S.I.A. 
Q/A (10)-4 AT 
Reading B. t.u./hr. ft.2 OF 
1 1.:?.52 7.4 
2 1.983 8.9 
3 2.902 10.2 
4 3.874 . 12.3' 
5 5.087 13.2 
6 6.437 15.9 Burnout Point 
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Series 8, Run Number 57 
Saturation Temperature 213.7°R 
Saturation Pressure 344.4 P.S.I.A. 
Q/A (10)-4 ~T 
Reading B.t.u./hr. ft.2 Op 
1 1.257 7.3 
2 1.946 8.4 
3 2.849 8.2 
4 3.857 9.0 
5 5.028 9.7 Burnout Point 
Series 8, Run Number 58 
Saturation Temperature 222.80R 
Saturation Pressure 442.8 P.S.I.A·. 
Q/A (10)-4 ~T 
Reading B. t.u./hr. ft.2 Op 
1 0.313 4.6 
2· 0.750 4.8 
3 1.254 4.9 
4 1.428 5.0 Burnout Point 
Series 8, Run Number 59 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 ~T 
Reading B. t.u./ht. ft. 2 Op 
1 1.237 8.3 
2 1.999 11.3 
3 2.937 13.4 
4 3.837 16.1 
5 . 5.138 18.7 
6 6.476 21.8 
7 7.864 2o.l 
8 8.924 30.9 Burnout Point 
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Series 8, Run Number 60 · 
Saturation Temperature 195.5°R 
Saturation Pressure 196.8 P.S.I.A. 
Q/A (10)-4 6.'l' 
Reading B. t. u./hr. ft. 2 Op 
1 1.25 7 8.4 
2 2.378 10.6 
3 3.867 12.6 
4 5.044 14.6 
5 6.427 17.5 
6 7.949 21.1 Burnout Point 
Series 9, Run Number 61 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 6.T 
Reading B·. t. u./hr. ft.2 op 
1 1.282 8.0 
2 2.412 11.2 
3 3.911 15.3 
4 5.120 17.2 
5 6.447 20.3 
6 7.171 22.4 
7 7.952 24.1 
8 8.904 29.1 
9 9.583 31.7 Burnout Point 
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Series 9, Run Number 62 
Saturation Ttmperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 l:l.T 
Reading B. t. u ./hr. ft.2 OF 
1 1.341 8.2 
2 2.419 10.9 
3 3.918 14.6 
4 5.112 16.1 
5 6.467 19.0 
6 7.055 20.2 
7 7.963 23.5 
8 8.942 27.0 
9 9.598 31.3 Burnout Point 
Series 9, Run Number 63 
Saturation Temperature 187.20R 
Saturation Pressure 147.6 P.S .I.A. 
Q/A (10)-4 .6.T 
Reading B. t. u./hr. ft.2 oF 
1 1.972 8.9 
2 2.867 11.1 
3 3.911 12.8 
4 5.121 14.4 
5 6.457 15.8 
6 8.022 18.0 
7 8.841 19.3 
8 9.578 21.0 
9 10.452 23.8 Burnout Point 
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Series 9, Run Number 64 
Saturation T~mperature 202.5°R 
Saturation Pressure 246.0 P.S.I.A. 
Q/A (l0)-4 ~T 
Reading B • t . u • /hr • f t . 2 OF 
1 1.281 6.4 
2 2. 771 7.3 
3 2.905 8.2 
4 3.934 9.6 
5 5.120 11.0 
6 5.707 11.5 
7 6.474 12 .l 
8 7.173 12.6 
9 7.973 13.0 
10 8.881 14. 1 Burnout Point 
Series 9, Run Number 65 
Saturation Temperature 160.90R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 AT 
Reading B • t • u. Lhr • ft. 2 Op 
1 2.005 7.0 
2 3.360 8.9 
3 5.109 11.2 
4 6.463 12.2 
5 7.988 14.1 
6 9.569 17.1 
7 10.120 18.9 Burnout Point 
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Series 10, Run Number 66 
Saturation Temperature 160.90R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (lo)-4 AT 
Reading B. t. u./hr. ft.2 OF 
1 1.253 8.6 
2 1.982 11.1 
3 2.846 13.2 
4 3.887 15.6 
5 5.093 17.0 
6 6.429 19.8 
7 8.000 24.3 
8 8.931 28.5 
9 9.529 31.3 Burnout Point 
Series 10, Run Number 67 
Saturation Temperature 160.90R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 6T 
Reading B . t . u . /hr . f t • 2 OF 
1 1.347 9.5 
2 1.976 10.6 
3 2.837 13.2 
4 3.891 14.4 
5 5.056 16.6 
6 6.433 19.1 
7 7.921 24.6 
8 8.904 27.4 
9 9.553 30.3 Burnout Point 
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Series 10, Run Number 68 
Saturation Temperature 176.8°R 
Saturation Pressure 98.4 P.S.I.A. 
Q/A (10)-4 D.T 
Reading B. t. u. /hr. ft. 2 oF 
1 1.976 10.3 
2 2.869 12.4 
3 3.857 14.1 
4 5.147 15.7 
5 6.309 18.8 
6 7.957 20.0 
7 8.882 22.3 
8 9.586 25.0 
9 10.610 28.9 Burnout Point 
Series 10, Run Number 69 
Saturation Temperature 160.90R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 b.T 
Reading B. t. u ./hr. ft. 2 OF 
1 1.382 9.1 
2 2.000 11.5 
3 2.857 14.0 
4 3.874 16.7 
5 5.059 18.0 
6 6.446 20.9 
7 7.858 26.8 
8 8.879 29.7 
9 9.588 32.3 Burnout Point 
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Series 10, Run Number 70 
Saturation TLmperature 208.5°R 
Saturation Pressure 295~2 P.S.I.A. 
Q/A (10)-4 AT 
Reading B. t. u. /hr. ft. 2 OF 
1 1.257 7.4 
2 1.976 8.2 
3 2.850 9.1 
4 3.912 10.3 
5 5.057 11.1 
6 5.905 11.4 
7 6.682 11.6 Burnout Point 
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Series 11, Run Number 71 
Saturation Ttmperature 160.90R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 ll.T 
Reading B.t.u./hr. ft.2 OF 
1 1.384 8.2 
2 1.967 10.4 
3 2.844 12.4 
4 3.857 14.1 
5 5.090 15.3 
6 6.434 17.9 
7 7.921 20.0 
8 6.433 18.4 
9 5.063 16.7 
10 3.855 13.8 
11 2.861 13.0 
12 1.973 11.3 
13 2.844 12.9 
14 3.891 13.4 
15 5.079 15.2 
16 6.343 17.0 
17 7.952 19.5 
18 8.849 21.9 
19 9.888 25.3 Burnout Point 
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Series 11, Run Number 72 
Saturation Temperature 160.9°R 
Saturation Pressure 49.2 P.S.I.A. 
Q/A (10)-4 C:.T 
Reading B . t. u. /hr. ft. 2 oF 
1 1.265 8.1 
2 1.983 11.1 
3 2.83 7 12.1 
4 3.881 13.5 
5 5.038 15.7 
6 6.353 17.5 
7 7.952 20.3 
8 6.434 18.3 
9 5.098 15.7 
10 3.874 14.1 
11 2.861 12.9 
12 1.972 10.7 
13 2.861 12.4 
14 3.912 14.0 
15 5.115 15.2 
16 6.433 16.4 
17 7.949 18.9 
18 8.902 22.5 






A point of discussion among researchers involved in boiling 
heat transfer is the contention that there is an inherent error 
involved in the irreproducibility of the nucleate boiling curve re-
ported to be as high as 10 to 15 percent (22,60). An investigation 
conducted under controlled conditions has yielded reproducibility 
errors less than 5 percent (65). It is quite probable that slight 
surface changes or fluid impurities have caused the higher percent 
errors to be observed. 
Another type of error that may be present is the error created 
as a result of physical measurements. The voltage error in this in-
vestigation was ±0.02 volts, while the amperage error was found to 
be ±0.005 amperes. The cumulative maximum error was less than ±0.25 
percent at the maximum heat flux values observed. An error calcula-
tion of this type is included in Appendix E. 
Heat losses through the Teflon sides and bottom of the heating 
device were calculated as shown in Appendix E, and found to be less 
than 3 percent. The resulting percent error in heat flux calculations 
determined from the combination of these errors is dominated by the 
sensible heat losses. The probable value for the heat flux is about 
3 percent lower than those reported. 
The copper-constantan thermocouples used in the investigation 
could be read within ±0. 001 millivolts (0. 05°F). All thermocouples 
were calibrated before and after the boiling investigation was per-
formed. Calibrations were conducted using liquid nitrogen and ice 
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water baths at atmospheric pressure. Corrections were incorporated 
into the data analysis computer program to transform the experimental 
millivoltages to those published in N. B. S. Circular 561. The burn-
out surface temperatures were obtained by extrapolation of plotted 
curves with an estimated maximum error of ±5 percent. Since surface 
thermocouples were placed within 0.0052 feet of the surface in high 
thermal conductivity materials (copper and silver), no temperature 
correction was applied. Surface temperatures were determined as the 
temperature of the silver soldered thermocouple junction. 
The pressure was read to ±1 pound per square inch. 
All heat fluxes reported in this study were based on an appar-
ently perfectly flat surface, a planar surface measurement. The sur-
faces used were not planar, but were actually three dimensional. Stan-
dard methods of surface area measurement would be inadequate for this 
investigation. For example, a root mean square surface profile would 
give only gross area appt··Jxima tions, while a gas adsorption measure-
ment would give surface areas that include areas deep in pits that 
can not be reached by the boiling fluid. The amount of surface area 
exposed to the fluid and the detailed effect of surface irregularities 
on nucleate boiling constitute an unknown, inherent error in the heat 




NUCLEATE BOILING CORRELATION CONSTANTS 
Correlation Constants 
Equation 5, m::::2 Equation S, m=3 Equation 7 Equation 15 
Series Run B AAPD B AAPD Csfg AAPD C~fg 4b AAPD 
1 1 1.178xl0 -3 21.2 3.768xl0 -8 32.9 .03644 32.9 2.220x10 -6 3.20 20.1 
2 4.292x10 -4 33.0 5.178xl0 -9 33.9 .02983 33.9 1.156xl0 -7 3.47 27.6 
3 2.335xl0 -3 31.1 2.443x10 -7 25.9 .03248 25.9 7.754xl0 -7 3.78 22.0 
4 9.282xl0 -4 25.8 2. 294x10 -8 54.5 .02219 54.5 8.604x10 -7 2.97 19.1 
5 4.016x10 -4 16.6 5.328xl0 -9 33.5 .03069 33.5 3.357x10 -5 2.44 24.9 
6 2.10lxl0 -3 22.8 1.114x10 -7 28.5 . 04141 . 28.5 3.707x10 -6 3.28 22.3 
7 1.882x10 -3 25.6 1.938x10 -7 9.5 .02577 9.5 8.650x10 -8 4.18 8.8 
2 8 1.178x10 -3 20.6 1. 092x10 -7 41.9 .01415 41.9 1.434xl0 -4 2.44 5.3 
9 4. 977x10 -4 39.1 1.161xl0 -8 56.0 . 01122 56.0 1.927x10 -3 1.71 14.5 
10 2.283xl0 -4 21.0 2.847x10 -9 42.0 .01640 42,0 1.83lx10 -5 2.45 6.0 
11 6.210xl0 -5 60.1 4.995x10-10 50.3 .04094 50.3 1.998xlo- 23 9.20 4.5 
12 8.098xl0 -4 26.6 3.103xl0 -8 45.9 .01153 45.9 1.173xl0 -4 2.39 15.3 
13 9.947xl0 -4 29 '5 7.965xl0 -8 49.7 .01059 49.7 1.927xl0 -4 2.39 9.0 
-6 2.159xl0-ll 2 .149x10- 23 
1-' 
14 5.796:xl0 44.9 35.6 .001238 35.6 8.40 9.7 N 0 
15 5.176:x10 -4 40.5 1.233xl0 -8 57.2 • 0119 2 57.2 5. 292xl0 -4 1.98 11.1 
Equation 5, m==2 Equation 5, m=3 Equation 7 Equation 15 
Series Run B AAPD B AAPD Csfg AAPD C~fg 4b AAPD 
16 3. 31lx10 -4 27.7 7.001x10 -9 50.8 . 01153 50.8 1.867x10 -5 2.56 18.2 
17 2,036x10 -4 16.0 2.156x10 -9 30.9 .04178 30.9 1.863x10 -6 2.81 17.1 
18 2.955xl0 -5 9.1 2.282x10- 10 1.4 .001132 1.4 5.258xlo- 10 3.85 0.0 
3 19 4.300xl0 -5 18.0 5.074xlo-7 40.7 .06745 40.7 3.389x10 -5 3.04 16.6 
20 5.249x10 -4 33.5 1.285x10 -8 17.4 .01242 17.4 6.166x10- 10 4.58 11.1 
21 8.358x10 -4 50.8 1.484xl0 -8 47.7 .08554 47.7 8.476x10 -7 3.25 50.9 
22 1.513x10 -4 64.6 1.394x10-9 55.3 .1143 55.3 1.960xl0- 26 10.80 21.8 
23 2.368xl0 -6 129 .o 4. 223xl0- 12 103.4 .02421 103.4 2.080xl0- 16 5.43 84.0 
24 3.404xl0 -3 12.9 4.024xl0 -7 27.9 .05349 27.9 2.512xl0 -4 2.53 8.1 
25 1.553x10 -3 19 .o 5.049xl0 -8 34.2 .08313 34.2 4.264xl0 -6 3.13 19.0 
26 4. 783xl0 -4 21.3 -9 6. 650xl0 · 9.3 .1288 9.3 6,639x10-l_D 4.42 8.6 
4 27 1. 997x10 -4 46.7 9.687x10 -9 60.3 .001288 60.3 3. 7071xl0 -3 1.54 9.3 
28 1.136xl0 -4 29.2 1.916xl0 -9 42.6 .001853 42.6 8.947xl0 -4 1.67 2.7 
29 9.967xl0 -5 18.4 ·. -9 1.142xl0 14.3 .006584 14.3 2. 987xl0 -9 3.83 13.0 
30 5.636xl0 -5 33.9 3.963xlo-10 30.8 .03248 30.8 4.802~10- 38 14.68 7.6 l-' 
-6 "" 3l 1.463xl0-ll 1.043xl0-50 1--5.183x10 78.0 72.4 .08387 72.4 17.80 9.7 
32 1.469xl0 -4 52.4 5.752x10 -9 67.7 .0007646 67.7 2.413x10 -3 1.62 16.9 
Equation 5, m=2 Equation 5, m=3 Equation 7 Equation 15 
I 
Series Run B AAPD B AAPD Csfg AAPD Csfg 4b AAPD 
33 5.732xl0 -4 8.5 2.236xl0 -8 25.5 .008317 25.5 1.368x10 -5 2.73 6.2 
5 34 2.396xl0 -3 17.8 2.826xl0 -7 36.2 .03832 36.2 3.672x10 -4 2.35 5.4 
35 1.054x10 -3 21.3 3 .410xl0 -8 37.7 .03297 37.7 2.477x10 -4 2.21 s.o 
36 3. 719x10 -4 25.3 5.361xl0 -9 47.8 .03089 47.8 3.185x10 -5 2.43 13.1 
37 7.701x10 -5 17.6 5.983xl0-10 18.8 .04904 18.8 1. 273xl0 -7 3.49 16.6 
38 2.517x10 -3 16.8 3.275x10 -7 24.7 .04354 24.7 2.752x10 -4 2.41 14.1 
39 7.102x10 -4 25.8 1.987xl0 -8 43.1 .03271 43.1 2.479xl0 -4 2.17 13.8 
40 2.381x10 -4 8.9 2.750x10 -9 23.6 .05329 23.6 1.015xl0 -6 2.95 8.5 
6 41 1.384xl0 -3 16.4 1.359x10 -7 39.8 .01806 39.8 2.642x10 -5 2.86 14.8 
42 6 .138x10 -4 40.4 1.439x10 -8 59.9 .01392 59.9 5.829x10 -4 2.00 15.4 
43 2.513xl0 -4 31,0 2.826xl0 -9 51.4 .01628 51.4 1.095xl0 -4 2.16 21.1 
44 8.988x10 -4 23.5 3.818xl0 -8 41.9 . .01419 41.9 1.592x10 -4 2.32 9.3 
45 1.164x10 -3 10.5 1.129x10 -7 29.6 .01501 29.6 2.470x10 -4 2.82 9.7 
46 3.668x10 -4 38.1 7.152x10 -9 55.9 .01177 55.9 4.465x10 -4 2.00 18.8 
7 47 5.338x10 -3 19.5 . -7 7.99lxl0 37.1 .1062 37.1 8.226xl0 -4 2. 31 6.1 
,..... 
-3 -8 -5 N 48 1. 725xl0 27.0 5.586xl0 51.7 .05402 51.7 6.470xl0 2.60 20.4 N 
Equation 5, m=2 Equation 5, m""3 Equation 7 Equation 15 
Series Run B AAPD B AAPD csfg AAPD c~fg 4b AAPD 
49 8.947x10 -4 21-.9 1.772x10 -8 25.8 .1021 25.8 4.812x10 -7 3.38 20.7 
50 4.493x10 -3 16.9 . 6.391x10 -7 34.4 .08496 34.4 5.276xl0 -4 2.40 8.0 
51 3.226xl0 -3 7.6 2.156xl0 -7 23.9 .08019 23.9 4.839xl0 -5 2.81 5.9 
52 1.356xl0 -3 11.9 4.499xl0 -8 30.5 .07409 30,5 1.243x10 -5 2.88 11.3 
8 53 5.798x10 -4 29.1 3.703x10 -8 47.7 .004923 47.7 6.033x10 -4 2.04 6.0 
54 4.066xl0 -4 38.1 2.202x10 -8 58.9 .002927 58.9 4.161xl0 -4 2.08 19.4 
55 -4 2.581x10 · 26.0 4.690xl0 -9 42.8 .004535 42.8 3.596xl0 -4 1.97 4.1 
56 1.520xl0 -4 15.3 1.840xl0 -9 29.7 .01060 29.7 2.608xl0 -5 2.32 4.4 
57 4.731xl0 -5 26.0 3,085x10-10 20.3 .02528 20.3 2.632xl0-l3 5.16 13.9 
58 4.138x10 -6 55.3 1.093x10-ll 52,5 .06266 52.5 2.012xl0-56 19.6 7.3 
59 4.10lx10 -4 42.6 2.379xl0 -8 59.1 .003163 59.1 2.949xl0 -3 1.67 4.1 
60 1.903x10 -4 24.0 3 .451xl0-.9 42.6 .005683 42.6 5.10lxl0 -5 2.28 7.9 
9 61 3.709x10 -4 45.8 1.945x10 -8 60.9 .002585 60.9 5,686xl0 -3 1.55 6.3 
-4 -8 'l -3 62 4,535xl0 43.4 2.557xl0 58.8 • 003399 58.8 4.10x10 1.64 8.3 
63 2,872xl0 .. 4 26.3 5.274xl0 -9 41.8 .005100 41.8 4.688xl0 -4 1.94 3.7 
..... 
64 2.537xl0 -4 14.2 3.160xl0 -9 28.0 .01821 -5 
N 
28~0 6.847x10 2.23 7.1 (.,.J 
Equation 5, m=2 Equation 5, m=3 
Series Run B AAPD B AAPD 
65 1.799x10 -3 36.2 1.602x10 -7 53.2 
10 66 3.765xl0 -4 47.6 1.979x10 -8 64.2 
67 4.038xl0 -4 45.0 2.215x10 -8 61.0 
68 3.285xl0 -4 32.2 8.99lx10 -9 48.9 
69 3.129xl0 -4 45.9 1. 578x10 -8 61.3 
70 1.087xl0 -4 6.5 9.532x10- 10 10.2 
11 71 8.045xl0 -4 21.4 # -8 6 .OllxlO 39.2 
72 8,01lx10 -4 24.9 5.815x10 -8 44.6 
Equation 7 
csfg AAPD 





.01847 . 10.2 





4.208x10 -3 1.80 
2.396x10 -3 1.72 
2.239xl0 -3 1. 74 
9.500x10 -3 1.84 
3.327x10 -3 1.63 
4.205xl0 -8 3.36 
5.635x10 -4 2.09 
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SERIES 9, RUN 61, POINT 8 
A. Heat Load and Heat Flux 
Data: E = 53.06 volts 
I= 2.68 amperes 
A= 0.00547 square feet 
Q = (EI) (0.05692) (60) = 487.73 B.t.u./hr. 
Q/A = 8~040 B.t.u./hr. ft. 2 
B. Surface Temperature Minus Bath Temperature (~T) 
Data: Bath Temperature 
Surface Temperature = -271.60°F 
~T = (-271.60)-(-299.10) = 27.500F 
C. Rate of He~t Loss Through Teflon Sides 
Data: k = 0.15 B.t.u./hr. ft.°F 
Ro = 1. 75 inches 
Ri = 1.5 inches 
L = 3.0 inches 
T0 = -293 .19°F 
T· = -285 .42°F 1 
Rate of Side Heat Loss= 2rrkL(T1-T0 )/ln(R0 /R1) 
= 11.86 B.t.u./hr. 
D. Rate of Heat Loss Through Teflon Bottom 
Data: ~X = 0. 02085 foot 
Ab = 0.0218 square feet 
To = -292 .34°F 
Ti = -275.91°F 
k = 0.15 B.t.u./hr.ft,OF 
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= 1.93 B.t.u./hr. 
E. Percent Loss from Heating Device 
Data: Rate of Side Heat Loss = 11.86 B.t.u./hr. 
Rate of Bottom Heat Loss= 1.93 B.t.u./hr. 
Heat Load= 487.73 B.t.u./hr. 
Percent Loss= [(Rate of Side Heat Loss+ Rate of Bottom 
Heat Loss)(lOO)]/heat load= 2.83 percent 
F. Percent Error Due to Reading of Meters 
Data: Voltage Accuracy ~E = ±0.02 volts 
Amperage Accuracy~!= ±0.005 amperes 
~Q/A = (0.05692) (60) (~1+ ~E)/(0.00547) 
= 200 B.t.u./hr. ft,2 
Percent Error= [(~Q/A)/(Q/A)] 100 = ±.225 percent. 
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